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REMARKS 

Claims 1, 3, 14, and 43-50 constitute the pending claims in the present application. 

Applicants' agent and the Examiner conducted an Interview on March 17, 2005. 
Applicants with to express gratitude to the Examiner for her constructive arguments, comments 
and suggestions, as well as her patience. The following remarked are made in view of the 
Interview. 

Applicants respectfully request reconsideration in view of the following remarks. 

Claim rejections under 35 USC $112, Second Paragraph 

Claims 1, 3, 14, and 43-50 are rejected under 35 USC 1 12, second paragraph, for allegedly 
being indefinite for failing to particularly point out and distinctly claim the subject matter 
Applicants regard as the invention. Specifically, the Office Action rejects the term 
"characterized," since it allegedly is unclear whether the limitation(s) following the phrase are part 
of the claimed invention. 

Applicants have amended Claim 1 to clarify the subject matter claimed, thereby obviate 
this rejection. The amendment does not narrow the scope of the claim. Reconsideration and 
withdrawal of the rejection are respectfully requested. 

Claim rejections under 35 USC $103 (a) 

Claims 1, 3, 14, 43-49 are rejected under 35 U.S.C. 103 as being unpatentable over 
Girasole et al in view of Kishimoto et al (U.S. Pat. No. 5,888,510), for the reasons of record set 
forth at pages 2-4 of the previous Office Actions (3/18/04 and 5/25/04). 

Prior to the Interview on March 17, 2005, for the purpose of having a more productive 
interview, Applicants submitted to the Examiner a draft response with a Rule 132 Declaration 
(unsigned) by inventor Shaughnessy. In view of the draft response and the unsigned Declaration, 
the Examiner requested Applicants to provide explicit support for the amended Claim 1 . 

Therefore, Applicants will first address the support issue raised by the Examiner during the 
Interview, then address the rejection in the pending Office Action. 

First of all, Example 2 demonstrates that treatment of OVX mice (in vivo experiment) with 
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the claimed IL-1 1 Ab results in both increased bone formation and decreased bone resorption. 
Specifically, page 25, second full paragraph indicates that IL-1 1 Ab treatment results in "higher 
rates of bone formation," as measured by osteoid surface measurements (See Figure 6B. Also 
see page 1, lines 12-13: " ("osteoblasts are responsible for the formation of new bone osteoid "). 
Meanwhile, page 25, third full paragraph indicates that IL-1 1 Ab treatment results in "a notable 
reduction" of osteoclast activity, as measured by osteoclast surface measurements; and "much 
less bone resorption" in IL-1 1 Ab treated animals. See Figure 6C. In addition, page 25, first full 
paragraph indicates that IL-1 1 Ab treatment leads to a result in which "cancellous bone loss was 
not only prevented but that it was reversed by the inhibition of biological activity of IL-11." 

These in vivo data unequivocally show that IL-1 1 antagonist treatment of OVX mice 
(animal model of osteoporosis) not only inhibits osteoclast / bone resorption, but also stimulates 
osteoblast / bone formation in the same animal, resulting in prevention of bone loss, or even a net 
gain in bone mass. Thus the claimed subject matter is fully supported by the specification. 

Applicants also wish to bring the Examiner's attention to the following disclosure 
regarding the claimed disease conditions. 

On page 4, second full paragraph, the specification indicates that: "[accordingly, the 
present invention from one broad aspect provides a process for treating or alleviating the 
symptoms of a pathological condition in which bone density is decreased.. .Such conditions 
include those involving increased bone resorption and lack of desirable bone formation." 
(emphasis added) 

Also on page 3, lines 24-27: "[i]t is an object of the present invention to provide a novel 
procedure for treatment and for alleviation of the symptoms of clinical conditions, such as 
osteoporosis, in which increased bone resorption or decreased bone formation is the underlying 
pathology." (emphasis added) 

The follow section of this response addresses the issues raised in the Office Action. 
In the previous response, Applicants have advanced the following arguments: 
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1) unlike Rheumatoid Arthritis, bone density is controlled in vivo by two types of 
counter-acting cells, osteoclast and osteoblast. The in vitro results of Girasole only teaches the 
effect of IL-1 1 signaling on osteoclast , but is completely silent about its effect on osteoblast . More 
importantly, it is completely silent about the unexpected discovery that IL-1 1 signaling has 
o pposite effects in osteoclast and osteoblast in vivo, e.g., inhibiting IL-1 1 function simultaneously 
inhibits osteoclast function and enhances osteoblast function; 

2) IL-1 1 signaling may not be significant enough to have an in vivo effect on bone 
density; 

3) There is no motivation for a skilled artisan to predict IL-1 1 in vivo results from the 
results of an unrelated protein (IL-6) as described in Kishimoto. 

Especially for point 1) above, Applicants submit that there is simply nothing in the cited 
references that would teach or suggest to a skilled artisan that IL-1 1 would have opposite effects in 
two different type of cells (osteoclast and osteoblast) - in contrary, conventional wisdom would 
strongly suggest that the same cytokine (IL-1 1) would have the same or similar effects on different 
cell types ( promoting osteoclast function - which is reducing bone density; and promoting 
osteoblast function - which is increasing bone density). 

The instant Office Action asserts that "this property of IL-1 1 signaling" (e.g. having 
opposite effects on osteoblast and osteoclast function) is "inherent in the prior art process, i.e. in 
vivo there is a balancing process, and inhibiting IL-1 1 function would (necessarily) simultaneously 
inhibit osteoclast function and enhance osteoblast function." In other words, the Office Action 
reaches this conclusion by assuming without proof, that there is a "see-saw" type of balancing 
effect in vivo in terms of osteoclast and osteoblast function, such that anything that affects the 
bone resorption function of osteoclast in one direction would necessarily affect the bone formation 
function of osteoblast in the opposite direction. This is scientifically unsound, and Applicants 
respectfully disagree. 

Applicants hereby submit a Rule 132 Declaration by inventor Dr. Stephen Shaughnessy, 
which Declaration directly contradicts the Office Action position above. The cited references are 
also enclosed herewith as Exhibits A-J. 
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First of all, in direct contradiction to the Office Action position, paragraph 10 of the 
Declaration indicates that in ovariectomization, a pathological condition similar to post- 
menopausal osteoporosis, both bone resorption and bone formation are increased. This would not 
be true if the see-saw type of "equilibrium" as asserted in the Office Action is present. Paragraph 
10 is supported by three references published before the filing of the instant application. 

Secondly, in direct contradiction to the Office Action position, paragraph 1 1 of the 
Declaration indicates that many agents {e.g. estrogen, bisphosphonates, and calcitonin) 
simultaneously affect both osteoblast and osteoclast function in the same direction {e.g. 
inhibition). This too would not be true if the see-saw type of "equilibrium" as asserted in the 
Office Action is present. Paragraph 1 1 is supported by five references published before the filing 
of the instant application. Reference v (Kimble) indicates that an agent {e.g. IL-1R antagonist) 
may inhibit (osteoclast-mediated) bone resorption, while having no effect on (osteoblast-mediated) 
bone formation. This further demonstrates that osteoclast and osteoblast functions are 
independently regulated . Thus it is completely novel and unobvious that one agent {e.g. IL-1 1 Ab) 
can have completely opposite effects on osteoclast and osteoblast functions. 

Paragraph 12 of the Declaration further contradicts the Office Action position by providing 
evidence that some agents {e.g. PTH) simultaneously affect both osteoblast and osteoclast 
function in the same direction - in this case, stimulation. Again, this would not be true if the see- 
saw type of balancing is at work, and this further demonstrates that osteoblast and osteoclast 
functions are independently regulated . 

Therefore, a skilled artisan, in view of Girasole and this body of work regarding regulation 
of osteoblast and osteoclast function, would have no clue as to the effect of IL-1 1 antagonist on 
the function of osteoblast, either in vitro or in vivo. Girasole only studies the effect of IL-1 1 
signaling in osteoclast, but is completely silent about the effect of IL-1 1 signaling in a very 
different, and independently regulated osteoblast. In other words, there is simply no teaching or 
suggestion in the prior art or common knowledge regarding the effect of IL-1 1 antagonists {e.g. 
IL-1 1 Ab) on osteoblast function, either in vitro or in vivo. Without this, there is simply nothing to 
be combined with Girasole to reach the claimed invention. It naturally follows that a skilled artisan 
would have had no reasonable expectation of success to arrive at the claimed invention. 
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Even if in view of the fact that there are IL-1 1 receptors on both cell types, a skilled artisan 
would at best make a logical and educated guess that IL-1 1 signaling would have similar (rather 
than opposite ) effects in both cell types, which surprisingly turns out to be wrong. This further 
demonstrates the surprising finding of the inventors, upon which the claimed invention is partially 
based. 

Neither does Girasole inherently teach the claimed invention. Girasole never teaches or 
suggests, based on its finding on osteoclast, to administer IL-1 1 Ab (or any IL-1 1 antagonist) in 
vivo to treat the claimed pathological conditions. Were that be the case, an argument might be 
made that discovering the effect of IL-1 1 Ab on osteoblast merely explains the mechanism of the 
treatment. Such is clearly not the case here. Without the teaching of the instant invention about the 
effect of antagonizing IL-1 1 signaling in osteoblast, a skilled artisan simply cannot predict 
whether IL-1 1 Ab would be beneficial, ineffective, or detrimental to the subject pathological 
conditions. 

The non-obviousness of the claimed invention is further supported by paragraph 13 of the 
Declaration, in which Applicants indicate that IL-1 1 Ab is effective in vivo, despite the cytokine 
redundancy issue well-known in the art at the time of filing the instant application. The paragraph 
listed numerous agents known to affect osteoclast function. In fact, even Girasole itself states that 
"IL-1 1 is unlikely to be the sole mediator of the osteoclastogenic effect." See page 1521, second 
column of Girasole. If IL-1 1 is not the sole mediator, a logical inference is that an antibody to IL- 
1 1 is unlikely to be therapeutically effective. 

The overwhelming scientific evidence cited by Applicants above are not contradicted by 
any evidence that tend to support the Office Action position. Applicants respectfully remind the 
Examiner that the Supreme Court has articulated a standard whereby the PTO must establish a 
rational connection between the agency's fact-findings and its ultimate action. Dickinson v. Zurko, 
119 S.Ct. 1816 (1999). In light of the inventor's Declaration and Applicants' arguments of record, 
and the presumption in favor of Applicants, it is respectfully asserted that the present rejection 
(agency adjudication) is not supported by "substantial evidence" from the Examiner, and as such, 
fails to rise above the "substantial evidence" test of Section 706(2)(D) of the Administrative 
Procedure Act (APA). At the minimum, the Office Action fails to pass the "arbitrary, capricious, 
an abuse of power, or otherwise not in accordance with law" standard set forth in Section 
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706(2)(A) of the APA. There is no reasonably acceptable logical reasoning based on sound fact 
finding, for the Office Action to insist that a skilled artisan would automatically believe an 
osteoclast inhibitor is necessarily an osteoblast stimulator, simply because these two cell types 
have opposite functions in controlling bone density. 

Claim 50 is rejected under 35 U.S.C. 103 as being unpatentable over Girasole et al (1995) 
in view of Kishimoto (supra) and Queen et al (U.S. Pat. No. 5,530,101). 

For the reasons above, the claimed invention is not obvious in view of Girasole and 
Kishimoto, and Queen does not in anyway correct these defects, even assuming a skilled artisan 
would be motivated to combine Queen with Girasole and Kishimoto to make humanized 
antibodies to inhibit osteoclast function. 

Pursuant to MPEP 2143, "To establish a prima facie case of obviousness, three basic 
criteria must be met. First, there must be some suggestion or motivation, either in the reference 
themselves or in the knowledge generally available to one of ordinary skill in the art, to modify 
the reference or to combine reference teachings. Second, there must be a reasonable expectation of 
success. Finally, the prior art reference (or references when combined) must teach or suggest all 
the claim limitations." 

Therefore, none of the three requirement for establishing a prima facie case of obviousness 
is met. Reconsideration and withdrawal of rejection under 35 U.S.C. 103(a) are respectfully 
requested. 
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CONCLUSION 



In view of the foregoing amendments and remarks, Applicants submit that the pending 
claims are in condition for allowance. Early and favorable reconsideration is respectfully solicited. 
The Examiner may address any questions raised by this submission to the undersigned at 617-951- 
7000. Should an extension of time be required, Applicants hereby petition for same and request 
that the extension fee and any other fee required for timely consideration of this submission be 
charged to Deposit Account No. 18-1945. 



Ropes & Gray, LLP 
One International Place 
Boston, MA 02110 
Tel. 617-951-7000 
Fax:617-951-7050 



Customer No: 28120 
Docketing Specialist 



Date: March 18,2005 



Respectfully Submitted, 



Yu Lu, ER.p. 
Reg. Nf 50,306 
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Skeletal Alterations in Ovariectomized Rats 

T. J. Wronski, P. L. Lowry, C C. Walsh, and L. A. Ignaszewski 

Department of Physiological Sciences, College of Veterinary Medicine, University of Florida, Gainesville, Florida 32610 



Summary. Female Sprague Dawley rats were sub- 
jected to either bilateral ovariectomy or sham sur- 
gery. Tetracycline derivatives were administered to 
each rat on two separate occasions to label sites of 
bone formation. All rats were sacrificed at 5 weeks 
postovariectomy and their proximal tibiae were 
processed undecalcified for quantitative bone his- 
tomorphotnetry. A twofold decrease in trabecular 
bone volume was noted in the proximal tibial me- 
taphysis of ovariectomized rats. This bone loss was 
associated with elevated histomot-phometric indices 
of bone resorption and formation . Ovariectomy in- 
creased osteoclast surface and numbers as well as 
osteoblast surface and numbers. Elevations in cal- 
cification rate and fractional trabecular bone sur- 
face with double tetracycline labels also suggest 
that bone formation was stimulated in ovariecto- 
mized rats, In addition, ovariectomized rats «xhib- . 
ited a greater rate of longitudinal bone growth rel- 
ative to sham-operated control rats. These histo- 
morphometric data indicate that ovariectomy 
induces marked bone Loss and accelerated skeletal 
metabolism in rats. 

Key words: Ovariectomy — Quantitative bone his- 
tomorphometry — Tetracycline — Osteoclasts — 
Osteoblasts. 



Numerous studies utilizing biochemical and radio- 
graphic techniques have shown that bone loss oc- 
curs in ovariectomized rats [1-5]. However, this 
phenomenon is not well documented by histologic 
methods. Hodgkinson et al. [6] detected a reduced 
mass of trabecular bone in the caudal vertebrae of 
ovariectomized rats. These animals exhibited an in- 
crement in osteoid surface and a small, noixsignifi- 
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cant increase in resorption surface. Tetracycline- 
based analyses of skeletal alterations in ovariecto- 
mized rats are lacking. The purpose of the current 
study is to determine by histomorphometric 
methods the extent of trabecular bone loss and as- 
sociated abnormalities in bone resorption and for- 
mation in ovariectomized rats. 



Materials and Methods 

The experimental animals were 18 female Sprague Dawley rats 
that were approximately 75 days of age and weighed an average 
of 220 g. All rats were anesthetized 'with an i.p. injection of 
ketamine hydrochloride and xyiazine at doses of 50 mg/kg body 
weight and 10 mg/kg body weight, respectively. Bilateral ovari- 
ectomies were performed in nine rats from a dorsal approach 
C7). Nine control rats were subjected to sham surgeries in which 
the ovaries were exteriorized. Success of ovariectomy was con- 
firmed at autopsy by failure to detect ovarian tissue and obser- 
vation of marked atrophy of the uterine horn. After surgery, all 
rats were housed individually with food (Purina Rat Laboratory 
Chow) and water available ad libitum. Tetracycline derivatives 
were administered to each rat at a dose of 20 mg/kg body weight 
on two separate occasions preceding the day of sacrifice. Tet» 
racycline chelates calcium and deposits primarily at sites of the 
initial calcification of new bone matrix (8,91. Oxyte* racycline 
hydrochloride (Pfizer Inc., Brooklyn, NY) was administered to 
each rat on the ninth day prior to sacrifice. After a 5-day period, 
during which no tetracycline was administered, all rats were in- 
jected i.p. with demeclocycline (Lederle Laboratories, Peari 
River, NY) on the third day prior to sacrifice. This regimen re- 
sults in deposition of a double tetracycline label at bone surfaces 
that are actively forming throughout the injection period, 

At 5 weeks postovariectomy, all rats were sacrificed by cer- 
vical dislocation under ketamine anesthesia. The proximal tibiae 
were defleshed and placed in 10% phosphate-buffered formalin 
for 24 hours. The bone specimens were then dehydrated in 
ethanol and embedded undecalcificd in methyl methacrylate 
[10]. Longitudinal sections of 4 \un thickness were cut with an 
AO Autocut/Jung 1 150 microtome and stained according to Cold- 
ness method til]. Bone parameters were measured in these sec- 
* tions at a magnification of 400 x with a Merz eyepiece reticle 
[12] consisting of 36 points and 6 semicircular lines within a 
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Table 1. Histomorphometric parameters in the proximal tibial metaphysis of ovariectomieed and control rats 
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Trabecular bone 
volume (%) 



Osteoclast 
surface (%) 



Osteoblast 
surface (%) 



Osteoclasts/mm 



Ostcobla&ts/mm 



Ovariectomized (a 
Control (n = 9) 



9) 



13.2 11 
±5,1 

25.9 
±4.4 



12.0* 
±3.7 
7.4 
*!.« 



10.2* 
±5.1 

±1.4 



4.1* 
±1.3 

2.7 
±0.5 



5.3" 
±3.5 

1,7 
±0,8 



*P ^001*™ 0varicctomized animals different from control parameters at the levels of significance listed below 
6 P < 0.01 



square. Two sections of the proximal tibial metaphysis, equiv- 
alent to 14 mm 3 of bone tissue, were sampled in each animal. 
This area was standardized in relation to the growth plate -me- 
taphyseal junction. 

The number of points superimposed over mineralized tissue 
(calcified cartilage and bone), osteoid (vuunineralued bone ma- 
trix), and bone marrow were recorded. The fractional area of 
mineralized tissue, commonly referred to as trabecular bone 
volume, was dctennined by dividing the number of points lying 
oyer mineralized tissue by the total number of points. The oc- 
currence of osteoid in both control and ovariectomized rats was 
minimal (<\%) and, therefore, could not be reliably quantified 
by the manual techniques employed in this study. The intersec- 
tions of the semicircular reticle lines with the bone-bone 
marrow interface were classified as resting, osteoblast, or osteo- 
clast surface. Resting surface is defined as trabecular bone sur- 
face without adjacent osteoblasts or osteoclasts. Osteoblast sur- 
face is defined as trabecular surface lined with osteoblasts, 
whereas irregular or scalloped trabecular surface with adjacent 
osteoclasts is classified as osteoclast surface. Osteoblast surface 
(%) was dctennined by dividing the number of intersects with 
bone surfaces lined by osteoblasts by the total number of inter- 
sects. Osteoclast surface (%) was calculated in a similar manner. 
The numbers of osteoblasts and osteoclasts adjacent to trabec- 
ular bone surfaces of the proximal tibial metaphysis were also 
quantified. These data are expressed as number of bone cells 
per nuHiineter trabecular bone perimeter. This latter parameter 
was determined by multiplying the total number of intersects by 
the grid constant, d, which is equal to the distance between grid 
points [12]. 

Tetracycline-based data were collected from unstained, lO-jim 
thick sections of *he proximal tibial metaphysis. To measure the 
rate of longitudinal bone growth, the distance between the flu- 
orescent tetracycline band that parallels the growth plate and the 
growth plate -metaphyseal junction was quantified with a cali- 
brated eyepiece micrometer [13] at five equally-spaced sites per 
section. These measurements were performed under ultraviolet 
Imimination at a magnification of 200 X in two sections per an- 
imal. The rate of longitudinal bone growth was calculated by 
dividing the distance between the tetracycline band and the 
growth platc-metaphyseal junction by the time interval between 
administration of the tetracycline label and sacrifice. 

Discrete tetracycline labels were present in lamellar bone of 
the secondary spongiosa. Intersects of semicircular grid lines 
with trabecular bone surfaces were categorized according to the 
presence or absence of tetracycline labels. Trabecular bone sur- 
faces without tetracycline labels were considered to be non- 
terming. The fraction of activelyfonning trabecular surface was 



determined by dividing the number of intersects with double- 
labeled suifece by the total number of intersects [14]. In addi- 
tion, the distance between the two tetracycline markers that 
comprise a double label was meaured with a calibrated eyepiece 
micrometer at three or four equally spaced sites per double label. 
These measurements were performed on an average of 20 double 
tetracycline labels per animal. Calcification rate was calculated 
by dividing the intcrlabel distance by the time interval between 
administration of the two tetracycline markers. These values 
were not Corrected for the random relation between the plane of 
section and the plane of tetracycline markers in trabecular bone 
[14], 

Data are expressed as the mean ± SD of the control and 
ovariectomized groups. Statistical differences between the two 
groups were evaluated with the two-tailed Student's / test. P 
values of less than 0.05 were considered to be significant. 



Results *i 

Ovariectomized rats weighed significantly more 
than control rats. The mean body weight of nine 
ovariectomized rats was 298.4 ± 26.3 g, while the 
nine control rats weighed an average of 253.3 ± 
14.0 g. This difference is highly significant at the 
level of />< 0.001. 

Tkble 1 lists values for static histomorphometric 
parameters in the proximal tibial metaphysis of 
ovariectomized and control rats. Trabecular bone 
mass declined by a factor of 2 in ovariectomized 
rats (P < 0.001), This marjeed bone loss at 5 weeks 
postovariectomy can be visualized in Fig. 1. Ovari- 
ectomized rats also exhibited histologic evidence 
for enhanced bone resorption and formation. Os- 
teoclast surface and numbers were significantly ele- 
vated {P < 0.01) in ovariectomized rats relative to 
control rats. Ovariectomized rats were also char- 
acterized by significant increments in osteoblast 
surface (P < 0.001) and numbers (P < 0.01). 

Tetracycline-based data from the proximal tibial 
metaphysis are listed in Thble 2. An increased rate 
of longitudinal bone growth was observed in ovari- 
ectomized rats CP < 0.001). In addition, these ani- 
mals had significant elevations in actively forming 
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*\ ^i. 1 ** 1 : f^ : ii^^i5 6t5»W.tA} arid ovariectomized (B) rats. Note the reduced mass of darkly stained trabecular bon£ : 
ui this pyanectpiriizcid animal; <yori Rpssa stain, x 25). i* 



Table 2. .Ictrrc^aTO-fcased! parameters in the proximal tibial 





Longitudinal 
bone 
growth 
(tun/day) 


Forming 

bone 

Surface 


Calcification 
rate 

(|*m/day) 


G^irifectoiriized 


36,5* * 




1.6° 


^=7)'"'" 


i«.0 


± 10.7 




Control 


26.7 


2.9 


1.2 


(ri = 8) : 


=£3-1 . 


xl.7 


±0:2 



a Forming: bone siirface is defined as bone surt^oc with a double 
tetracycline label '* v 

b ^<o:ooi 

e ><0i025 
d /»<0.05 



trabecular bone surface (P < 0.05) and calcification 
T2iit(P ^ 0.025). 



Discussion 

This study demonstrates that rapid bone loss occurs 



in the proximal tibial metaphysis of ovariectonuzeij; 
rats. A twofold decrease in trabecular bone volum^" 
was noted at 5 weeks postovariectomy. In additioii|£ 
osteoclastic and osteoblastic data suggest th^* 
ovariectomy stimulates bone resorption and for$? 
mation. The observed increases in actively forminfe 
trabecular bone surface and calcification rate t .as# 
determined by double tetracycline labeling, also iij|* 
dicate that bone formation was elevated in ovan|f$ 
ectomized rats. Alterations in bone formation iri 
sponse to ovariectomy appear to bf somewhat vaggjl 
able, as indicated by relatively high standard? 
deviations for osteoblastic and tetracycline-base^f 
parameters. In view of the observed increases in- 
both bone resorption and formation, the loss of tra- 
becular bone mass associated with ovariectomy ip 
unexplained. The pathogenetic mechanism may iri&s 
volve a greater increment in bone resorption re%: 
live to the increment in bone formation so that nj$| ; 
loss of skeletal mass occurs. Such a mechanism h&S 
been proposed for the development of postmen.^ 
pausal bone loss in humans [15]. Although surfacfe* 
based and cellular parameters suggest that bone fbt^ 
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matidn was increased to a greater extent than bone 
£ re&prption in ovariectomized rats, these static roea- 
^surements are not indicative of osteoclastic activity. 
An accelerated rate of bone resorption by individual 



b'steiqclasts as weU : as an increased osteoclast pop- 
^^ ulation may result in bone loss in ovariectomized 
§&tj; rats even in, the presence of increased osteoblast 
f$£'i.: numbers and activity.. It is also important to note 
that 5 weeks postovariectoimy may not be of suffi- 
cient duration to achieve^ steady state in the skel- 
|f^ : ' etal response to estrogen- deficiency, 
wfei* Ovflriectomized rats exhibit an inc 



Ovariectomized rats exhibit an increased rate of 
weight gain. This phenomenon has been reported 
jj£ by other investigators [1-4]; In; contrast to the pro- 
tective effect of obesity agaihst 1 osteoporosis in 
2 pas^jiopauskl worrier* [)6^ 1 8j, .marked bone loss 
occurred in obese ovariectomized rats. thk effect 
of obesity on histologic indices of bone resorption 
and formation has not been documented. Neverthe- 
less, the possibility that increased, body mass af- 
'feLf^cts bone turnover in ovariectomized rats cannot 
J|? be ruled out. 

p!«. : . Estrogen is thought: to act as an antagonist to 
parathyroid hormone (PTH) [19], The loss of this 
'f^. antagonism after ovariectomy miy result in in- 
jpqr£a$ed skeletal sensitivity ig'PtitL ^ Ou^;Mstcilogic 
^ data are consistent with this ^iiyi TO o^Wast 
|f afti .osteoblast populations in the long bone me- 
|| ^%sis of rats are known to increase in response 
I® t&Fffi [20,21], Physiologic doses of PTH* induce a 
fk coupled increase in bone resorption and formation 
"jl looting adult dogs [22]. Tkm et al. [23] found that 
^rjifo infused with PTH had elevated calcification 
Ther skeletal characteristics of ovariecto- 
|; miized rats appear to be similar to those of rats 
i(^ated with PTH- . 

!"^Sstrbgen is also thought to apt as an antagonist 
J ji&r'pwth hormone [24];. Widehing of tibial >piph- 
f yH.al cartilage was inhibited by estrogen in hy- 
fe ^hysectomiied tats treated with growth hormone 
j ;.CS]'[ Whifsbn et al. [26] demonstrated that the most 
^t^pid: phase of, longitudinal bone growth in rats oc- 
^<$rs when senim estrogen levels are minimal. Our 
I mding of an accelerated rate of longitudinal bone 
^jc^wth in ovariectomized rats may be due to loss 
J estrogenic antagonism to the stimulatory effects 
fir 9? growth hormone. 

^ ^though rats have a juvenile skeleton in which 
|| mcfdeling predominates, it is interesting to compare 
pj| hisftoinorphometxic data from ovariectomized rats 
tb -that of postmenopausal patients with adult, re- 
|| modeling bone. Increased resorption surfaces were 
j| "detected in the iliac crest of postmenopausal 
p women by. microradiography [27] and histologic 
% techniques [28]. On the other hand, tetracyclihe- 

if. 



based histomorphometric analyses indicated that 
the majority of osteoporotic patients had relatively 
normal indices of bone resorption and formation 
[29,30]. However, several subgroups were identi- 
fied in which osteoporotic patients exhibited high 
levels of bone remodeling or a pathologically low 
rate of bone formation. These heterogeneous find- 
ings may reflect different phases of the disease pro- 
cess. Parfitt et al. [31] hypothesized that the initial 
rapid phase of postmenopausal bone loss is asso- 
ciated with an increased rate of bone remodeling 
and enhanced osteoclastic activity. With.time, bone 
remodeling is thought to diminish, but loss- of skel- 
etal mass continues at a slower rate, probably due 
to depressed bone formation. Calcium kinfetic and 
biochenucaldata support the ppntefttiP 1 *. thai ah in- 
creased" rate of bone remodeling ocqifrs in women 
soon after naturally occurring or surgical meno- 
pause [15,32] ; Our histomorphometric data indicate 
that accelerated bone metabolism also occurs in 
rats at early times postoVariectomy. 

In summary, the current study demonstrates that 
ovariectomy induces marked loss of irkbe&Mar 
bone in the proximal tibial nietaphysis of ifets. The 
observed bone loss is asspiiated /with, an increased 
irate of longitudinal bone growth and /elevated his- 
tomorpho metric; indices of bone resorption and for- 
mation. 



Acknowledgments. Tetracycline derivatives were obtained 
through the courtesy of Mr. Donald Dunthorn of Lederle Lab- 
oratories and Ms- Nancy Dowd of Pfi2er, Inc., The authors arc 
grateful to Mrs* Ann Hutchcson for secretarial, v a$si$tane&. We 
thank Dr. J. Carroll Woodard for helpful discussions. 



References 

1. Saville PD (1969) Changes in skeletal mass and fragility with 
castration in the rat: a model of osteoporosis. J Atri Geriatr 
Soc 17:155-164 

2. Aitkcn JM, Armstrong B, Anderson JB (1972) Osteoporosis 
after oophorectomy, in the mature female rat and the effect 
of estrogen or progestrogeri replacement ^therapy id' its |*re- 
venU'on. J Endocrinol 55:79-87 

3. Undgren JU, LindbolmTS (J 979) Effect of l-alpha-hy- 
droxy vitamin Dj on osteoporosis in rats induced by oo- 
phorectomy. Calcif Tissue Int 27:161—164 

4. Lindgren U, DeLuca HP (1982) Role of parathyroid hor- 
mone and 1,25-dihydroxyvitajnin Dj in the development of 
osteopenia in oophorectomized rats. Calcif tissue Int 
34:510-5t4 

5. Beall FT, Misra LK, Young RL, Spjut HJ, Evans HJ, 
LeBlanc A (1984) Clomiphene protects against osteoporosis 
in the mature ovariectomized rat. Calcif Tissue Int 36:123- 
125' 

6. Hodgkinsoa A, Aaron JE, Horsman A. McLachlan MSF, 



03/17/2005 03:22 FAX 9053893546 



HENDERSON RES CENTRE 



@006 



328 



Nordin BEC (1978) Effect of oophorectomy and calcium de- 
privationon tone mass in the rat. Pin Sci Mol Med 54:439- 
446 

7. Waynforth HB (1980). Experimental and surgical technique 
. in the rat Academic Press, New York 

8. Mich RA, Rail D£ Tobie JE (1957) 0one locaJiiation of the 
tetracyclines. J Nat Cancer Inst 19:87-93 

9. Urist MA, Ibsen KH (1963) The chemical reactivity of min- 
eralized tissue with oxytetracycline. Arch Pathol 76:484- 
496 

10. Baron R, Vigncry A, Neff L, Sflverghitc A, Santa Maria A 
(1983) Processing of undccalcifled bone specimens for bone 
hiatomorphoinctry. In: Recker RR (ed) Bone histomorphom- 
etry: techniques and interpretation. CRC Press, Boca Raton, 
FA VP I3 

11. GoJdner J (1938) A modification of the Masson trichrome 
technique for routine laboratory purpose. Am J pathol 

■ 14:237^243.. 

12: MOTWAV^henk RK (19TO) Quantitative structural analysis 
of- human cancellous bone. Acta Anat 75:54.-66 

13. lapp E (1966). tetracycline labelling methods of measuring 
the growth of bones in the rat. J Bone Joint Surg 4$B;5l7- 
525 

M- |^st HM (1983) Bone histomarphomctry; analysis of tra- 

^-'becular bone (lynaraics. In: Reckcr RR (ed) Bone histomor- 
phomctry: techniques antl interpretation. CRC Press, Boca 
Raton; FA, p 109 

15. Heancy RF, Reckcr RR, Saville PD (1978) Menopausal 
changes in bone remodeling, J Lab Clin Med 92:964-970 

16: Slayillc PD, Nilsson BER.(196Q Height ahd weight in symp- 
tomatic postmenopausal osteoporosis. Clin Orthop 45: 

17. Meema HE, Meema S. (196^ The. relationship of diabetes 
mcllitus and body weight to osteoporosis in elderly females. 
Can' Med Assoc J 96:132-139 

18. Efinieil HW (1976) Osteoporosis of the slender smoker. Arch 
Intern Med. 136:298-304 

19,. Heaney RP (.1965) A. unified concept of osteoporosis. Amcr 
JMd3^p77 r 880 . 

20. tbft RJ T Talmage RV (i960) Quantitative relationship of os- 
teoclasts to parathyroid function. Proc Soc Exp Biol Med 
103:611-613 

21. McGiiire JL, Marks SC (1974) The effects of parathyroid 
hormone on bone ceil structure and function. Clin Orthop 
100:392^405 



T. J. Wronski et ai.; SkeJetal Alterations in Ovariectomizcd R ats 

22. Malluche KH, Sherman 0, Meyer W, Ritz E, Norman AW 
Massry SG (1982) Effects of long-term infusion of physio! ;i 
logic doses of 1-34 PTK on bone. Am J Physiol 242;Fl97 
F201 ., 

23. Tarn CS, Wilson DA, Harrison J (1 980) Effect of parathyroid 
extract on bone apposition and the interaction between para. * 
thyroid hormone and vitamin D. Min Elect Metab 3:74^gQ* ; 

24. Schwartz E, Weidemann E, Simon S, Schiffer M (1969) Es- 
trogenic antagonism of metabolic effects of administered" - 
growth hormone. J Clin Endocrin Mctab 29:1 176-1 181 

25. Josimovich JB, Mintz DH, Finstcr JL (1967) Estrogenic ta- : 
hibition of growth hormone induced tibial epiphyseal growth " 
in hypophysectomized nits. Endocrinology 81:1428-1430 

26. Whitson SW, Dawson LR, Jee WSS (1978) A tetracycline 
study of cyclic longitudinal bone growth in the female rat 
Endocrinology 103:2006-2010 

27. Jowscy J, Kclicy PJ, Riggs BL, Bianco AJ f Scholi DA, Ger, „ 
shon-Cohcn J (1965) Quantitative microradiographic studies 7 i 
of normal and osteoporotic bone. J Bone Joint Sure^ 
47A:785~793 • '£ 

28. Nordin BEC, Speed R, Aaron J, Crilly RG (1981) Bone for-iv 
mat ion and resorption as the determinants of trabecular 
bone volume in postmenopausal osteoporosis. Lancet 
1:277-279 

29. Meunicr PJ, Coupron P, Edouard C, Alexandre C, Bressot" 
C, Lips P, Boyce BF (1979) Bone histomorphometry in os-' 1 ^ 
teoporotic.states. In: Barzel US (cd) Osteoporosis II. Grune <■ 
and Stratton, New York, p 27 ;'; 

30. Whytc MP, Bergfeld MA, Murphy WA, Avioli LV, Teitei-S 
baum SL (1982) Postmenopausal osteoporosis. A hetcrogeV'4 
neous disorder as assessed by histomorphomctric analysis. 
of iliac crest bone from untreated patients. Am J MeS : 
72:193-202 v ; 

31 . Parfitt AM, Mathews CHE, ViJlanueva AR, Kteerekoper Mv'- 
Frame B, Rao DS (1983) Relationships between surface/;^ 
volume, and thickness of iliac trabecular bone in aging and.p 
in osteoporosis, implications for the microanatomic and cefi$ 
hilar mechanisms of bone loss. J Clin Invest 72:1396-J4Q# : $ 

32. Fogelman U Poser JW, Smith ML, Hart DM, Bcvan JA£=- 
(1984) Alterations in skeletal metabolism following oophb^ 
rectomy. In: Christiansen C* Arnaud CD, Nordin BBC, Par->, 
fitt AM, Peck WA, Riggs BL (eds) Osteoporosis I. Glostrup;^ 
Hospital, Copenhagen, p 519 " 



03/417/2005 03:23 FAX 9053893546 



HENDERSON RES CENTRE 



©007 



Calcif Tissue Int (1988) 43:179-183 



Calcified Tissue 
International 

O 1988 Splinger-Vcriag New York Inc. 



This material has been copied under ttcenee 
from CAMCOPY. Resale or further copying 
of this material Is strictly prohibited 



OS/ X 1 

V2> 4T 

r 

Temporal Relationship between Bone Loss and Increased Bone Turnover in 
Ovariectomized Rats 
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Summary* To characterize osteopenia changes in 
ovariectomized (OVX) rats as a function of time, 
female Sprague Dawley rats (240 g body weight, 90 
days old) were subjected to bUateral ovariectomy 
6r sham surgery and killed at various times from 
14-180 days postovariectomy. The proximal tibial 
metaphysis was processed undecalcified for quanti- 
tative bone higtnmnrphometrv. Osteopenia and uit 
c reased^indices of bone resorption and formation, 
w ere detected in OVX rats as early as 14 days . 
Longitudinal bone growth was also significantly in- 
creased by ovariectomy at 14 days, but returned to 
control levels at all later times. In OVX rats, osteo- 
penia became progressively more pronounced with 
time up to 100 days postovariectomy, after which 
trabecular bone volume appeared to stabilize at the 
markedly reduced level of 5%, Changes in osteo- 
clast surface, osteoblast surface, and fluoro- 
chrome-based indices of bone formation in OVX 
rats followed a similar time course. The maximal 
increase in these parameters occurred during the 
first several months postovariectomy followed by a 
gradual decline toward control levels. Our results 
indicate that the initial rapid phase of bone loss in 
OVX rats is coincident with the maximal increase 
in bone turnover. At later times postovariectomy, 
bone loss and bone turnover both subside. These 
findings emphasize the close temporal association 
between the development of osteopenia and in- 
creased bone turnover in OVX rats. 

Key words: Ovariectomy — Osteopenia — Bone 
turnover — Time course — Quantitative bone his- 
tomorphometry. 
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Osteopenia has been a consistent finding in ovari- 
ectomized rats [1-9]. Histomorphometric studies 
in our laboratory have shown that this phenomenon 
is associated with increased bone turnover [7-9]. 
For the most part, previous studies have been per- 
formed at a single time point during the early stages 
of estrogen deficiency; therefore, it is not known 
with certainty whether the observed bone loss and 
increased bone turnover continue unabated with 
time. The purpose of the current study is to charac- 
terize osteopenic changes in ovariectomized rats as 
a function of time from 14-loJ) days postovariec- 
tomy. 



Materials and Methods 

The experimental animals were 168 female Sprague Dawley rats, 
(Charles River Laboratory Inc., Wilmington, MA) 90 days old 
and weighing an average of 240 g at the beginning of the study. 
AU rats were anesthetized with an i.p. injection of ketamine hy- 
drochloride and xylazine at doses of 50 mg/kg body weight and 
10 mg/kg body weight, respectively- Bilateral ovariectomies 
(OVX) were performed in half of the rats from a dorsal approach 
[10]. The remainder were subjected to sham surgeries. AD rats 
were boused individuaUy at 2S°C with a 13 h/11 h light/dark 
cycle. Food (Purma Rat Laboratory Chow, SL Louis, MO) was 
available ad libitum to the sharn-Operaled control raU. Tft> mini- 
mize the increase in body weight associated with ovariectomy 
[9], the food consumption of OVX rats was restricted to that of 
the control rats (pair-feeding). DemeclocycUne (Ledexle Labora- 
tories, Pearl Rivet, NY) and calceiq (Sigma Co., St Louis, MO) 
were administered to each rat by i.p. injection at a dose of 10 
mg/kg body weight on the 12th and 5th days before death, re- 
spectively. This regimen resulted in deposition of a double fluo- 
rochrome label at bone surfaces that were actively mineralizing 
throughout the injection period. 

Twelve control and 12 OVX rats were kffled by exsanguination 
under ketarnme/xylazine anesthesia at 14, 35, 52, 70, 100, 125, 
and ISO days postovariectomy. In addition, a group of eight 
baseline control rats was sacrificed on day 0. Success of ovari- 
ectomy was confirmed at necropsy by failure to detect ovarian 
tissue and by observation of marked atrophy of the uterine 
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horns. The proximal tibiae were defleshed and placed in 10% 
phosphate-buffered formalin for 24 hours. The bone specimens 
were then dehydrated in ethanol and embedded undecalcificd in 
methyl methacrylate fll]. Longitudinal sections (4 urn thick) 
were cut with an AO Autocut/Juu* 1 150 microtome and stained 
with a modified Masson-Goldner trichrome [11], Bone param- 
eters were measured in the proximal tibial metaphysis with the 
Bioquant Bone Morphometry Package (RAM Biometrics Corp., 
Nashville, lenn.). Trabecular areas and lengths were {raced with 
a cursor and Hipad digitizing tablet adjacent to a Nikon Labo- 
phot microscope. The light within the cursor can be visualised in 
the microscopic field when used in conjunction with a camera 
lucida. Raw data were stored in an Apple He microcomputer 
interfaced to the digitizing tablet. Values for bone histomorpho- 
metric parameters were then calculated with Bioquant software. 
Trabecular bone volume (%) and osteoclast and osteoblast sur- 
face as percentages of total trabecular surface length were mea- 
sured in this manner. Bone parameters were quantified in trabeo 
ular bone tissue at distance? greater than 1 mm from the growth 
plate-metaphyseal junction to exclude the primary spongiosa. 
Additional details of the sample site and data calculations have 
been pubtished elsewhere t7, 8]. In general, two sections of the 
proximal tibia with -40 mm of trabecular perimeter were sam- 
pled in each control animal. The relative lack of bone spicules in 
gvx rats, especially at later times pofitovariectoiny, made it 
necessary to sample additional sections in these animals. There- 
fore, surface-based parameters were measured in three or more 
sections in each OVX rat to approximate the trabecular perim- 
eter sampled in control rats. 

Ftaorochrome-based parameters were measured in unstained, 
10 |im thick sections of the proximal tibial metaphysis. The rate 
of longitudinal bone growth, percentage of trabecular bone sur- 
face with a double fluorochromc label (active formation surface), 
and calcification rate were measured with the Bioquant system 
described above. In addhion r bone formation rate (tissue level, 
total surface referent) was calculated by multiplying active for- 
mation surface by calcification rate 1 12). Values for calcification 
rate were not corrected for obliquity of the plane of section in 
trabecular bone [12]. 

Data are expressed as the mean ± SD of the control and OVX 
groups at each time point Statistical differences between the 
two groups were evaluated with the two-tailed Students / test. P 
values of less than 0.05 were considered significant. 



Results 

Despite pair-feeding, OVX rats weighed signifi- 
cantly more than control rats at all times later than 
14 days postovariectomy (data not shown)* The 
final body weights of OVX and control rats at 180 
days were 409.0 ± 29.0 g and 346.7 ± 26.5 g, re- 
spectively (P < 0.001). 

Bone histomorphometric parameters in the prox- 
imal tibial metaphysis are plotted as a function of 
time postovariectomy in Figures 1 and 2. Trabec- 
ular bone volume (Fig. 1A) remained relatively 
constant in control rats (-30%) for the duration of 
the experiment. Osteopenia was detected in OVX 
rats as early as 14 days and became more pro- 
nounced with time up to 100 days postovariectomy. 



J ct al.: Time Course of Osteopenia Changes in Ovariectomy Rats 

At later times, trabecular bone volume appeared to 
be maintained in OVX rats at a markedly reduced 
level of - 5% (P < 0.001). 

OVX rats exhibited a transient increase in longi- 
tudinal bone growth (Fig, IB). This parameter was 
significantly increased by ovariectomy only at 14 
days, then was nearly identical in OVX and control 
rats at all later times. 

Figures 1C and ID depict values for osteoclast 
and osteoblast surface, respectively. Ovariectomy 
induced a rapid increase in both osteoclast and os- 
teoblast surface as early as 14 days. These param- 
eters remained elevated in OVX rats up to 100 
days. At later times, OVX rats exhibited trends for 
increased osteoclast and osteoblast surface, but 
statistical significance was not observed. 

Fluorochrome>based parameters are depicted in 
Figures IE and IF. Active formation surface was 
significantly increased in OVX rats at all times from 
14-180 days postovariectomy (Fig. IE). The max- 
imal increase in this parameter occurred during the 
first month, followed by a gradual decline toward 
control Jevels. Calcification rate (Fig. IF) was 
nearly identical in control and OVX rats at 14 days, 
but significant increases were observed in OVX 
rats from 35-100 days postovariectomy. After- 
wards, calcification rate was not significantly dif- 
ferent in the two groups. 

OVX rats were characterized by an increased 
bone formation rate throughout the course of the 
experiment (Fig, 2). This fluorochrome-based pa- 
rameter is perhaps the most meaningful index of 
bone turnover. Bone formation rate was increased 
maximally at the end of the first month postovari- 
ectomy and remained highly elevated up to 100 
days. Although still elevated, bone formation rate 
in OVX rats declined toward control levels at later 
times postovariectomy. 



Discussion 

It is now well established that increased bone turn- 
over occurs during the early stages of estrogen de- 
ficiency. This phenomenon has been previously ob- 
served in rats [7-9], dogs [13], baboons [14], and 
humans [15]. However, a serial histomorphometric 
study of bone changes after loss of ovarian function 
has never been reported. The current study demon- 
strates that the initial rapid phase of bone loss in 
the proximal tibial metaphysis of OVX rats is coin- 
cident with the maximal increase in bone turnover. 
Osteopenia was detected in OVX rats as early as 14 
days postovariectomy and became progressively 
more pronounced up to 100 days; afterwards, tibial 
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trabecular bone volume appeared to stabilize in 
OVX rats. Histologic indices of bone resorption 
and formation follow a similar time course. These 
indices were found to be elevated maximally in 
OVX rats during the first month postovariectoroy 
followed by a gradual decline toward control levels. 
At later times postovariectomy, during which bone 



loss diminished in OVX rats, histologic indices of 
bone resorption and formation were only margin- 
ally elevated. We interpret these data as indicative 
of a close temporal association between the initial 
development of osteopenia in OVX rats and a 
marked increase in bone turnover. Despite the rela- 
tively short life span of rodents, these findings are 
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Fig. 2. Bone formation rate (tissue level, total surfece referent) 
in the proximal tibial metaphysis of control (solid line) and OVX 
(broken line) groups is plotted as a function of time postovariec- 
tomy. See Figure I legend for details. 



consistent with current concepts of skeletal dy- 
namics in estrogen-deficient women [16-18], Al- 
though rates of bone loss are variable in postmeno- 
pausal women, a certain subgroup exhibits a rapid 
phase of bone loss during the early postmenopausal 
period [17]- The calcium kinetic studies of Heaney 
et a|. [15] first indicated that increased bone turn- 
over occurs at this time. Numerous reports of ele- 
vations in biochemical indices of bone turnover 
during the early stages of estrogen deficiency in 
women [19-22] have since confirmed this finding. 
With time after menopause, the rates of bone loss 
and bone turnover both diminish [16-18]. There- 
fore, the temporal association between rapid bone 
loss and maximally increased bone turnover is 
qualitatively similar in estrogen-deficient rats and 
humans. 

Based on cellular parameters, one might surmise 
that bone formation is increased to a greater extent 
than bone resorption in OVX rats. For example, an 
eightfold increase in osteoblast surface was ob- 
served in OVX rats at 14 days postovariectomy 
compared with a twofold increase in osteoclast sur- 
face. However, it is important to note that these 
static parameters are not indicative of cellular ac- 
tivity and corresponding bone formation and re- 
sorption rates. Dynamic fluorochrome-based pa- 
rameters provide strong evidence for an acceler- 
ated bone formation rate in OVX rats. 
Unfortunately, bone resorption rate cannot be mea- 
sured directly by histomoiphometric techniques. 
Nevertheless, the observation of marked bone loss 
in OVX rats despite increased bone formation indi- 
cates that the increment in bone resorption exceeds 
the increment in bone formation. It follows that os- 
teoclastic activity must be markedly increased in 
OVX rats* Along similar lines, Gruber et al. [23] 
recently reported that individual osteoclast activity 



is significantly greater than osteoblast activity in 
postmenopausal patients. 

At later times postovariectomy, osteoblast sur- 
face in OVX rats declined to control levels whereas 
active formation surface (double-labeled surface) 
remained significantly increased. This apparent dis- 
crepancy may be explained by age-related changes 
m osteoblast morphology. In contrast to the plump, 
cuboidal osteoblasts of young rats, these bone- 
forming cells become more flattened in appearance 
in older rats. Consequently, osteoblasts are more 
difficult to identify in the older animals. This prob- 
ably resulted in an underestimate of osteoblast sur- 
face at later times postovariectomy. In any case, 
dynamic fluorochrome-based parameters are more 
meaningful than static cellular parameters as in- 
dices of bone formation. The former parameters in- 
dicate that bone formation rate is still significantly 
increased in OVX rats at later times postovariec- 
tomy. 

One must exercise caution in comparing data be- 
tween the juvenile rat skeleton and adult human 
bone due to the occurrence of modeling and longi- 
tudinal bone growth in rodents. Since recent evi- 
dence suggests that at least some remodeling 
occurs in rat trabecular bone [24], the skeletal dy- 
namics of these animals may be more relevant to 
the adult human situation than previously thought. 
In any case, estrogen deficiency stimulates bone 
turnover in both modeling and remodeling skel- 
etons. Alteratiohs in longitudinal bone growth in 
OVX rats could conceivably affect trabecular bone 
volume in the long bone metaphysis. However, 
ovariectomy increased longitudinal bone growth 
only during the first several weeks after surgery. By 
35 days postovariectomy and at all later times, lon- 
gitudinal bone growth was nearly identical in con- 
trol and OVX rats. Because considerable bone loss 
occurred in OVX rats between 35 and 100 days 
postovariectomy, it is clear that alterations in longi- 
tudinal bone growth do not play a major role in the 
development of osteopenia in OVX rats. 

In summary, the current study demonstrates that 
the initial rapid phase of bone loss in OVX rats is 
coincident with the maximal increase in bone turn- 
over. At later times postovariectomy, trabecular 
bone mass appears to stabilize as bone turnover de- 
clines toward control levels. These findings empha- 
size the close temporal relationship between in- 
creased bone turnover and the development of os:- ! 
teopenia in OVX rats. 
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Abstract 

Bone histomorphometry was performed in the proximal tibia 
and lumbar vertebra of female Sprague-Dawley rats sub- 
jected to either bilateral ovariectomy or sham surgery. Ovar- 
iectorriized rats killed 10 weeks after surgery were char- 
acterized by osteopenia and histomorphometric indices of 
increased bone turnov er at both skeletal sites. Osteoclast 
surface flnrl numrw as wall as osteoblast surface and nupv 
ber were sfonrftcanttv increased In ovariectomized rats . Te~ 
tracycline-based data were consistent with accelerated 
bone formation in response to ovatectorny. Active for- 
mation surface (double-labeled surface), calcification rate, 
and bone formation rate (tissue level, total surface referent) 
were ail significantly elevated in the proximal tibia of ovar- 
iectomized rats. Ovariectomy also increased active for- 
mation surface and bone formation rate in the lumbar ver- 
tebra, but the vertebral calcification rate was nearly 
Identical in control and ovariectomized rats. Osteopenia 
and dynamic tetracydine-based estimates of increased 
bone turnover in ovariectomized animals were more pro- 
nounced In the proximal tibia relative to the lumbar vertebra. 
Longitudinal bone growth in the proximal tibia and miner- 
alization lag time at the tibial cortical endosteal surface 
were not affected by ovariectomy. These, histomorpho- 
metric data indicate that ovariectomy induces osteopenia 
and accelerated skeletal metabolism in rats. 

Key Words: Ovariectomy- Bone HIstdmorphometry-Tetra- 
cycline-Osteoclasts-Osteoblasts-Bone Turnover. 



Introduction 

Ovariectomy is known to Induce osteopenia in rats (Savitle, 
1969; Altken et al. ( 1972; Undgren and LIndholm, 1979; 
Lindgren and OeLuca. 1982; Beall et al., 1984). However, 
the osteopenic changes have not been studied extensively 
by histologic methods. Hodgkinson et al. (1978) detected 
an increment In osteoid surface and a nonsignificant in- 



crease in resorption surface in the caudal vertebrae of ovar- 
iectomized rats. It was recently reported that marked bone 
loss occurs in the proximal tibial metaphysis of ovariectom- 
ized rats as ea/ty as 5 weeks postovariectomy (Wronski et 
aL, 1985). This bone loss was associated with an Increased 
rate of longitudinal bone gcpwth and elevated histomor- 
phometric Indices of bone resorption and formation. In this 
communication, we extend our observations in ovariectom- 
ized rats to include histomorphometric studies of the prox- 
imal tibia and lumbar vertebra at 10 weeks postovariectomy. 



Materials and Methods 

Female Sprague-Dawley rats (approximately 75 days old and 
weighing an average of 220 g at the beginning of the study) were 
used. All rats were anesthetized with IP ketamlne hydrochloride and 
xylazine at doses of 50 mg/kg body weight and 10 mg/kg body 
weight respectively. Bilateral ovariectomies were performed in 13 
rats from a dorsal approach (Waynforth, 1980). Eleven control rate 
were subjected to sham surgeries In which the ovaries were ex- 
teriorized. Success of ovariectomy was confirmed at autopsy by 
failure to detect ovarian tissue and observation of marked atrophy 
of the uterine horn. After surgery, all rats were housed Individually, 
with food (Purina Rodent Laboratory Chow, St Louis, MO) and water 
available ad libitum. Tetracycline derivatives were administered to 
each ret at a dose of 20 mg/kg body weight on two separate 
occasions. Oxytetracycllne hydrochloride (Pfizer Inc., Brooklyn, NY) 
was injected IP on the ninth day before Wiling. After a 5-day period 
during which no tetracycline was administered, all rats were injected 
IP with demeclocycllne (LederJe Laboratories, Pearl River, NY) on 
tie third day before killing. This Teg f men resulted in deposition of 
a double tetracycline label at bone surfaces that were actively mh 
neralizing throughout the Injection period. 

Alt rats wen? killed at 10 weeks postovariectomy by cervical 
dislocation under ketamlne anesthesia. Terminal Wood samples 
were collected from the abdominal aorta of 6 control and 6 ovar- 
iectomized rats. Serum calcium was measured spectrophotometr 
Hcally by the cresolphthaleln/diethylamine ooiorlmetric method. The 
proximal tibiae and lumbar vertebrae 1 and 2 were defteshed and 
placed In 10% phosphate-buffered formalin for 24 h. The bone 
specimens were then dehydrated In ethanol and embedded urv 
decalcified in methytmethacrylate (Baron etai., 1983). Longitudinal 
sections (4 jtm) were cut with an AO Autocut/Jung 1 150 microtome 
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and stained with Ma^n-Goldner trichrome. The flowing bone 
parameters were measured manually at a magnHicatjon of X400 
wah the aid of a Merz eyepiece reticle (Men and Schenk, 1970) 
tabular bone volume (*>), osteoclast surface (%). osteobled 
surface. <%), and numbers of osteoclasts and osteoblasts per mm 
trabecular bone perimeter (Wronski et al., 1985). Bone parameters 
were quantified within a 2 X 3 mm area of trabecular bone tissue 
that was standardized at distances greater than 1 mm from the 
arowth plftte-metapnyseai junction to exclude the primary spon- 
dosa Two sections each of the proximal tibia and lumbar vertebrae 
were analyzed In each animal The total area of trabecular bone 
tissue sampled at each skeletal site was ~ 13 mm h 

Tetracycllne-based data were collected from unstained, 10 
sections of the proximal tibial metaphysis and lumbar vertebrae 1 
and 2. The rate of longitudinal bone growth, percentage of trabe- 
cular bone surface with a double tetracycline label (active formation 
surface), and calcification rate were measured with a Merz eyepiece 
reticle and calibrated eyepiece micrometer (WronskJ e ^19*5). 
Values for calcification rats were not. corrected (or ^J***" 
plane of section in trabecular bone. In addition, the bone, formation 
rate (tissue level, total surface referent) was calculated by mul*- 
plying the active formation surface by the calcification rate (Frost, 
1983a). Since trabecular bone surfaces with single tetracycline a- 
bels were not Included In this calculation, the *^ d t «i"f ** 
bone formation rate probably underestimate the actual bone for* 

mft T?!e^r^ in control and ovariectomy 

rats was minimal ( < 1 %). Therefore^osteoid P"™^ ™^ 
be reliably quantified in trabecular bone tissue by the manual tech- 
niques employed In this study. However, a prominent osteoid seam 
was present along the cortical endosteal surface of the primal 
tibia. Osteoid seam width was measured at 10 sites per section 
with a calibrated eyepiece micrometer at a magnification of X4uu. 
Two sections of the proximal tibia were sampled m each ammaL 
The distance between the two tetracycline labels adjacent to the 
cortical endosteal surface was measured in a similar manner. Ca> 
clflcation rate was determined by dividing this distance by the time 
Interval between administration of the tetracycline markers. Miner- 
alization lag lime of the cortical endosteal surface of the proximal 
tibia was calculated by dividing osteoid seam width by calcification 
rate (Baron et al„ 1984). _ , A . . ^ . 

Data are expressed as the mean ± 3D of control and ovartec- 
tomized groups. Statistical differences between the two groups 
were evaluated with the two-tailed Student's Meet P values of less 
than 0.05 were considered to be significant 



Results 

The mean body weights of ovariectomized and control rats 
were 329.5 ± 16.0 g and 272.4 ± 13.9 g, respectyely. 
This difference is highly significant at the level of P < 0.001. 



The mean serum calcium was 10.T mg/dl in both control 
and ovariectomized rats. , 

Values for static histomorphometric parameters in the 
proximal tibia and lumbar vertebra are listed in Table I. 
Ovariectomlzed rats were characterized by reduced tra- 
becular bone volume and elevated Indices of bone re$orr> 
ticn and formation at both skeletal sites. Statistically signif- 
icant increments in osteoclast surface and number as well 
as osteoblast surface and number were noted in ovariec- 
tomlzed rats. Trabecular bone loss in these animals was 
more pronounced in the proximal tibia relative to the lumbar 
vertebra. 

Tetracycline-based data are listed in Table It. The rate 
of longitudinal bone growth In the proximal tibia was nearly 
identical in ovartectomized and control rats. Longitudinal 
bone growth in the lumbar vertebra of all rats was too slow 
to be measured with the tetracycline regimen employed in 
this study. Active formation surface, calcification rate, and 
bone formation rate were all significantly elevated in the 
proximal tibia of ovariectomlzed rats. These animals also 
exhibited significant increments in active formation surface 
and bone formation rate in the lumbar vertebra. However, 
the vertebral calcification rate was approximately equal in 
control and ovariectomized rats. The difference in active 
formation surface between the two groups can be seen in 
Figure 1 . Bone formation rate in ovariectomlzed rats was 
increased to a greater extent In the proximal tibia relative 
to the lumbar vertebra. t 

Histomorphometric parameters at the cortical endosteal 
surface of the proximal tibia are presented In Table 111. 
Although osteoid seam width and calcification rate appear 
to be somewhat elevated in ovariectomized rats, these pa- 
rameters are not significantly different from contrbl values. 
Mineralization lag time was 1.4 days for both control and 
ovariectomlzed animals. 



Discussion 

This study demonstrates that ovariectomy induces osteo- 
penia In the proximal tibia and lumbar vertebra of rats. El- 
evations in various histomorphometric Indices of bone re- 
sorption and formation are suggestive of accelerated bone 
turnover at both skeletal sites. Static surface-based param- 
eters indicate that bone formation was increased to a greater 
extent than bone resorption in ovariectomized rats. Althougn 
tetracycline-based data are consistent with enhanced os- 
teoblastic activity In these animals, the life span of osteob- 



Table I. Static histomorphometric p arameters in the proximal tibia and lumbar ver tebra of ovahectomized and control rats. 

Osteoclasts/mm Osteoblaste/mm 



Trabecular bone 
volume (%) 



Osteoclast 
surface (%) 



Osteoblast 
surface (%) 



Tibia 
Ovariectomized 

(n=13) 
Control 

(*=11) 
Lumbar vertebra 
Ovariectomlzed 

(r>=13) 
Control 

(h = 11) 



10.5" 
±3.5 
25.9 
±4,8 

28.4 > 
±3-7 

32,6 
±4-7 



15.S b 
±4.9 

10.8 
±3.8 

9.7* 
±2.9 

4.9 
±1-6 



5.7- 

±3.8 
0.8 
±0.7 

3.5° 
±1.8 

1.2 
±11 



3.0 b 
±0-9 

2.2 
±0.8 

2.0* 
±0.5 

1.0 
±0.4 



3.4» 

±2.2 

o.e 

±0.6 

2,1° 
±1^0 

0.8 
±0.7 



•P<0.001. 

>P<0.05. 

op<0.Q1- 
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Table II, Tetracycline-based parameters in the proximal tibia and lumbar vertebra of ovariectomized and control rata. 





Longitudinal bona 


Active formation 


Calcification 


Bone formation rate 




growin (pun/Qayj 


surface (%)■ 


rate (/im/day) 


G&mVjim 2 per day) 


Tibia 










Ovariectomlzed 


16.1 


16.1" 


1.7* 


0.264« 


(n~13) 


±3.8 


±10.0 


±0.4 
1.1 


±0.162 


Control 


15.4 


3.2 


0.034 


<"=9) 


±2,6 


±2.9 


±0.5 


±0.029 


Lumbar vertebra 






Ovariectomizad 


_ . d 


8.2» 


1.2 


0.101 b 


(n = 13) 


r' 


±4,0 


±0.2 


±0.053 


Control 




3.2 


1.1 


0.036 


(n-9) 




±1.2 


±0.1 


±0.014 



-Defined a$ trabecular bone surface with a double tetracycline label. 

»F<0.01. 

*P<Q,001. 

"The rate of longitudinal bone growth in the lumbar vertebra ie too low to be measured with the tetracycline regimen employed In this 
study. 



lasts was not evaluated, ff estrogen deficiency reduced os- 
teoblastic longevity, the increment in bone formation in 
ovariectomized rats may not be as great as the cellular and 
tetracycline-based data indicate. The effect of ovariectomy 
on bone resorption rate and osteoclastic activity cannot be 
determined directly with available histomprphornetrlc meth- 
ods. Therefore, the mechanism for the decline in trabecular 
bone mass in ovariectomized rats in unclear. One possibility 
is that the increment in bone resorption and osteoclastic 
activity exceeded the increment In bone formation and os- 
teoblastic activity so that net loss of bone occurred. Based 
on calcium kinetic analyses, Heaney et ai. (1978) proposed 
such a mechanism for the development of osteopenia in 
women during the early postmenopausal period. It is also 
possible that the increased rate of longitudinal bone growth 
noted at earlier times postovariectomy (Wronski et al„ 1985) 
may have contributed to marked osteopenia In the proximal 
tibia of ovariectomlzed rats. 

Osteopenia In ovariectomized rats was more pronounced 
in the proximal tibia relative to me lumbar vertebra. This 
finding may be the result of a greater increase' in bone 
turnover at the former skeletal site. Perhaps the most mean- 
ingful index of bone turnover Is the bone formation rate 
derived from dynamic tetracycline-based data. Ovariectom- 
ized rats exhibited nearly an eightfold increase in bone for- 
mation rate In the tibia compared to a threefold increase in 
the lumbar vertebra (Table 11). These data suggest that os- 
teopenia In ovariectomized rats is more pronounced at skel- 
etal sites with a greater relative increase in bone turnover. 
As mentioned, the increased rate of longitudinal bone growth 
detected at earlier times postovariectomy in the proximal 
tibia may also play a role In the development of more marked 
osteopenia in the tibia relative to the lumbar vertebra. Lon- 
gitudinal bone growth is much slower at the latter skeletal 
site (Table II). 

Out results should not be interpreted as providing evi- 
dence that trabecular bone loss during estrogen deficiency 
occurs primarily in the appendicular skeleton of adult mam- 
mals and humans. The tibia of growing rats has red (he- 
matopoietic) marrow, whereas the distal long bones of skel- 
etal ty mature mammals have yellow (fatty) marrow. Skeletal 
sites with red marrow are known to have greater rates of 
trabecular bone turnover than skeletal sites with yellow mar- 
row (Wronski et a!., 1980, 1981). Therefore, the marked 
osteopenia and accelerated bone turnover observed in the 
proximal tibia of growing ovariectomized rats may overes- 
timate the magnitude of bone changes in the adult appen- 



dicular skeleton. On this basis, the lumbar vertebra, which 
retains the majority of its red marrow, with increasing age 
in rats, other mammals, and humans, may be a superior 
sampling site for bone hlstomorphometric studies. Further- 
more. Baron et al. (1984) reported that skeletal processes 
In the vertebral column of growing rats are similar to the 
remodeling activity of adult bone. 

We previously described osteopenia and elevated his- 
tomorphometric Indices of bone resorption and formation in 
the proximal tibia of rats at 5 weeks postovariectomy (Wron- 
ski et al., 1985). In the current study nearly Identical bpne 
changes were detected at the sauna sample site in the prox- 
imal tibial metaphysis at 10 weeks postovariectomy. In ad- 
dition, histomorphometric analysis of the lumbar vertebra at 
10 weeks postovariectomy revealed osteopenia and a qual- 
itatively similar increase In bone turnover, ft is unclear 
whether these time periods are of sufficient duration to 
achieve a steady state In the skeletal response to estrogen 
deficiency. Baron et al. (1984) reported that the duration of 
the remodeling sequence (sfgma) in the caudal vertebrae 
of growing rats Is 35-40 days. If it can be assumed that 
sIgma Is of a similar duration in other parts of the rat vertebral 
column, the Increased bone turnover detected in the lumbar 
vertebrae of rats at 10 weeks postovariectomy may be a 
long-term rather than a transient effect. However, the relative 
increase in osteoblastic parameters appears to be greater 
than the increase in osteoclastic parameters in these ani- 
mals. This finding, suggests that ovariectomized rats may 
not yet have achieved a steady state with respect to the 
skeletal effects of estrogen deficiency at 10 weeks posto- 
variectomy. Histomorphometric measurements at multiple 
time periods postovariectomy are needed to resolve this 
issue. On the other hand, the increased rate of longitudinal 
bone growth previously detected in the proximal tibia at 5 
weeks postovariectomy (Wronski et al. ( 1985) is apparently 
transient. This parameter was found to be normal In ovar- 
iectomized rats at 10 weeks postovariectomy. 

Detailed histomorphometric studies have not been per- 
formed in women specifically during the early stages of es- 
trogen deficiency. However, calcium kinetic data Indicate 
that increments In both bone resorption and formation occur 
during the first 5 years of menopause (Heaney et al., 1978). 
Furthermore, various biochemical indices of bone turnover, 
such as serum osteocalcin (bone GLA protein), alkaline 
phosphatase, and urinary hydroxyproline/creatinine, have 
been shown to be elevated soon after menopause (Chris- 
tiansen el al., 1982; Gennari et al., 1984; Rlls et al., 1984). 
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Table III. Histomorphometric parameters at the cortical endosteal surface of the proximal tibia* 



Osteoid seam 
width fotfn) 



'Calcification 
rate (jim/ 
day) 



Ovariectomrz8d , 

Control 
(n=9) 



6J 
±1.6 

5,6 
±1.9 



5.0 
±1.0 

3.9 
±1-4 



•No significant differences were observed between ovarlectomized and control rats. 
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Mineralization It 
time (days) 



1.4 
±0.3 
1.4 

±0.4 



mi"-. 



Oophorectomized women also exhibit biochemical evidence 
for increased bone turnover as early as 6 weeks after sur- 
gery (Fogelman et al., 1984). With the reservation that rats 
have a Juvenile skeleton In which bone resorption and for- 
mation are not necessarily coupled, our histomorphometric 
study indicates that accelerated bone turnover also occurs 
in rats at early times postovariectomy. 

In summary, ovariectomized rats are characterized by 
osteopenia and histologic evidence for increased bone turn- 
over, The osteogenic changes are more pronounced in the 
proximal tibia relative to the lumbar vertebra. These findings 
are consistent with reports of accelerated skeletal metab- 
olism In postmenopausal and oophorectomized women dur- 
ing the early stages of estrogen deficiency. 
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ABSTRACT 



Th, Poal of this study is to determine whether the previously observed, short-term protective effect of estro- 
an entire year. Sham-operated control nd ^^"^W and risedronate (NE-58095) for 360 days 



INTRODUCTION 

Postmenopausal OSTEOPOROSIS and the resulting in- 
creased incidence of bone fractures is a serious health 
problem in elderly women. At the present time estrogen re- 
placement is the only widely accepted preventive measure 
for this bone disorder. Estrogenic suppression of bone 
turnover appears to be the major mechanism for this pro- 
tective effect. (, -*> It follows that other endocrine or phar- 
macologic suppressors of bone turnover may also be effec- 
tive in the prevention of postmenopausal bone loss. This 
hypothesis was recently tested with the ovariectomized rat 
as an animal model for estrogen deficiency. Diphospho- 
nate compounds were found to be as effective as estrogen 
in depressing bone turnover and protecting against osteo- 
penia during the first several months ^ovariectomy.* 81 
However, the question arises whether the skeletal integrity 



of ovariectomized rats can be maintained by diphospho- 
nates over a longer treatment period without adverse side 
effects, such as impaired bone rnineralization. Therefore, 
the current report consists of a histomorphometric charac- 
terization o'f the skeleton of ovariectornized rats treated for 
an entire year with estrogen or diphosphonate compounds. 
The potential bone-protective effect, of such treatments 
was studied at both axial and appendicular skeletal sites in 
ovariectomized rats. 

MATERIALS AND METHODS 

Female Sprague-Dawley rats were obtained from 
Charles River Laboratories (Wilmington, MA). These ani- 
mals were 90 days of age and weighed an average of 240 g 
at the beginning of the study. All rats were anesthetized 
with an intraperitoneal (IP) injection of ketamine hydro- 
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chloride and xylazine at doses of 50 and 10 mg/kg body 
weight, respectively. Bilateral ovariectomies were per- 
formed in half the rats from a dorsal approach. The re- 
mainder were subjected to sham surgeries in which the 
ovaries were exteriorized but not removed. Ovariectomized 
(OVX) and sham-operated control rats were divided into 
various groups based on treatment with estrogen, diphos- 
phonate compounds, or vehicle alone. For estrogen treat- 
ments, 17/3-estradiol (Sigma Chemical Co., St. Louis, MO) 
was dissolved in a vehicle of 959b corn oil and 5% benzyl 
alcohol. The diphosphonate compounds were obtained 
from Norwich Eaton Pharmaceuticals, Inc. (Norwich, 
NY). Etidronate disodium (EHDP, ethane-l-hydroxy-1,1- 
diphosphonate), an established diphosphonate, and 
risedronate [NE-58095, 2^(3-pyridinyl)-2-hydroxyethyH- 
dene-i,l-bisphosphonate disodium], a new, highly potent, 
nitrogen-containing diphosphonate, were dissolved in a 
saline vehicle. Each of the following groups consisted of 
10-12 OVX rats and 10-12 sham-operated control rats. 

1. Vehicle. Half of the OVX and control rats in this 
group were injected subcutaneously (SQ 5 days/week with 
the corn oil and benzyl alcohol vehicle used for estrogen 
treatment. The remainder were injected SC with the saline 
vehicle used for diphosphonate treatment. Within the 
saline-treated group half the OVX and control rats were 
injected according to the 1 week on, 3 weeks off regimen 
(see regimen 1); the remainder were injected with saline 
twice weekly (regimen 2). 

2. Estrogen. Each OVX and control rat in this group 
was injected SC with 17/3-estradiol, 5 days/week, at a dose 
of 10 jig/kg body weight. 

3. EHDP (regimen 1). Each OVX and control rat in this 
group was injected SC with EHDP at a dose of 5 mg/kg 
body weight (1.25 mg P). Treatments were performed daily 
for a 1 week period, followed by a 3 week period without 
treatment. This cycle was repeated for the duration of the 
study. This regimen is referred to as the 1 week on, 3 
weeks off regimen. 

4. EHDP (regimen 2). Each OVX and control rat in this 
group was injected SC with EHDP twice weekly at a dose 
of 5 mg/kg body weight (1.25 mg P). 

5. NE-58095. Each OVX and control rat in this group 
was injected SC with NE-58095 at a dose of 5 ^tg/kg body 
weight (1 pig P) according to the 1 week on, 3 weeks off 
regimen. 

All of these treatments were initiated on the first day 
after surgery. The rats were housed individually at 25°C 
with a 13 h/1 1 h light-dark cycle. Food (Purina Rat Labo- 
ratory Chow, St. Louis, MO) was available ad libitum to 
the sham-operated control rats. Their food consumption 
was measured and a daily mean calculated for each control 
group (-20 g/day per rat). The daily food consumption of 
OVX rats was restricted to the mean for the corresponding 
control rats (pair feeding) to minimize the increase in body 
weight associated with ovariectomy. t6> Each rat was in- 
jected IP with demeclocycline (Lederle Laboratories, Pearl 
River, NY) and calcein (Sigma Chemical Co., St. Louis, 
MO) on days 17 and 7 before sacrifice, respectively. This 



regimen resulted in deposition of a double-fluorochrome 
label at bone surfaces that were actively mineralizing 
throughout the injection period. 

A group of 10 baseline control rats was sacrificed by ex- 
sanguination under ketamine-xylazine anesthesia on the 
day of surgery (day 0). All other rats were sacrificed 360 
days after surgery. The success of ovariectomy was con- 
firmed at necropsy by failure to detect ovarian tissue and 
by observation of marked atrophy of the uterine horns. 
Both proximal tibiae and the first lumbar vertebrae from 
each animal were stripped of musculature and placed in 
10<7o phosphate-buffered formalin for 24 h. The bone 
specimens were then dehydrated in ethanol and embedded 
undecalcified in methyl methacrylate. (?> Longitudinal sec- 
tions of 4 *tm thickness were cut with an AO Autocut/ 
Jung 1150 microtome and stained according to the Von 
Kossa method with a tetrachrome counterstain (Polysci- 
ences Inc., Warrington, PA). Bone measurements were 
performed in cancellous bone tissue of the proximal tibial 
metaphysis at distances greater than 1 mm from the 
growth plate-raetaphyseal junction to exclude the primary 
spongiosa. Similarly, the sample site in the lumbar verte- 
bral body excluded cancellous bone tissue within 1 mm of 
the cranial and caudal growth plates. Additional details of 
the sample sites have been published elsewhere. <a9) In 
general, two sections each of the proximal tibia and 
lumbar vertebra were sampled in each control animal. 
These sample sites consisted of 40-60 mm of cancellous 
bone perimeter within each bone. The relative lack of 
cancellous bone spicules in the proximal tibia of OVX rats 
made it necessary to sample additional sections at this 
skeletal site. Therefore, surface-based measurements were 
performed in three or more tibial sections in each OVX rat 
to approximate the cancellous bone perimeter sampled in 
control rats. 

Bone measurements were performed with the Bioquant 
Bone Morphometry System (R & M Biometrics Corp., 
Nashville, TN). Cancellous bone areas and surface lengths 
'were traced with a cursor on a Hipad digitizing tablet adja- 
cent to a Nikon Labophot microscope. The light within the 
cursor can be visualized in the microscopic field when used 
in conjunction with a camera lucida. Raw data were stored 
in an Apple lie microcomputer interfaced to the digitizing 
tablet. Bone histomorphometric values were then calcu- 
lated with Bioquant software. Cancellous bone volume 
and absolute osteoid volume were measured as percentages 
of the total cancellous bone tissue area. Osteoblast, osteo- 
clast, and osteoid surface were measured as percentages of 
total cancellous bone surface length. In addition, osteoid 
surface without adjacent osteoblasts (inactive osteoid) was 
measured as a percentage of total osteoid surface. 

Fluorochrome-based indices of bone formation were 
measured in unstained, 8 jtm thick sections of the proximal 
tibial metaphysis and lumbar vertebral body. The percen- 
tage of cancellous bone surface with a double-fluoro- 
chrome label (mineralizing surface) and mineral apposition 
rate were measured with the Bioquant system. In addition, 
bone formation rate (tissue level, total surface referent) 
was calculated by multiplying the mineralizing surface by 
the mineral apposition rate. <l0) Values for mineral apposi- 
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tioo rate were not corrected for obliquity of the plane of 
section in cancellous bone. tl0 > 

Measurement of cancellous bone volume and specific 
surface in the baseline control animals allowed the calcula- 
tion of bone balance. (ID) Bone resorption rate (tissue level, 
total surface referent) was determined by subtracting bone 
balance from bone formation rate.' 101 

Data are expressed as the mean ± SD (standard devia- 
tion) for each group. Statistical differences among groups 
were evaluated with the Kruskal-Wallis test.« n) P values < 
0.05 were considered significant. 



RESULTS 

-Within the groups of vehicle-treated OVX and control 
rats, the type of vehicle (com oil or saline) and the differ- 
ent saline regimens did not induce statistically significant 
changes in body weight or bone histomorphometric values. 
Therefore the data were combined within the vehicle- 
treated OVX group as well as within the vehicle-treated 
control group. 

All rats gained substantial weight during the yearlong 
duration of the study. The mean body weights for the 10 
groups of rats ranged from 390 to 455 g, with no statis- 
tically significant differences among the groups. 

Table 1 lists bone histomorphometric data from cancel- 
lous bone tissue in the proximal tibial metaphysis of the 10 
groups of rats. Vehicle-treated OVX rats exhibited a 
marked decrease in cancellous bone volume and statis- 
tically significant increases in osteoblast surface, osteoid 
surface, bone formation rate, and bone resorption rate rel- 
ative to vehicle-treated control rats. A trend for increased 
osteoclast surface was observed in vehicle-treated OVX 
rats, but this trend was not statistically significant. In con- 
trast, cancellous bone volume in estrogen-treated OVX 
rats was at least a factor of 3 greater than that of vehicle- 
treated OVX rats. Estrogen treatment of OVX rats also 
markedly decreased osteoblast surface, osteoid surface, 
bone formation rate, and bone resorption rate to levels 
comparable to those of vehicle-treated control rats. Treat- 
ment of sham-operated control rats with estrogen did not 
significantly alter cancellous bone volume or histomorpho- 
metric indices of bone turnover relative to vehicle-treated 
control rats. 

OVX rats treated with EHDP according to the 1 week 
on, 3 weeks off regimen were found to have a cancellous 
bone volume approximately threefold greater than that of 
vehicle-treated OVX rats. In addition, significant decreases 
in osteoblast surface, osteoclast surface, osteoid surface, 
bone formation rate, and bone resorption rate were de- 
tected in these animals. Treatment of OVX rats twice 
weekly with EHDP resulted in a greater cancellous bone 
volume relative to vehicle-treated OVX rats and statis- 
tically significant decreases in all the bone parameters, 
with the exception of osteoid surface. OVX and control 
rats treated with either EHDP regimen exhibited marked 
increases in inactive osteoid. Absolute osteoid volume was 



2.3 ± 3.2% and 0.5 ± 0*6% in OVX and control rats, re- 
spectively, treated with EHDP twice weekly. These values 
were significantly greater (P < 0.05) than the mean abso- 
lute osteoid volumes in all other groups (^0.1%). 

Treatment of OVX rats with NE-58095 according to the 
1 week on, 3 weeks off regimen resulted in the following 
bone changes relative to vehicle-treated OVX rats: greater 
cancellous bone volume, decreased osteoblast and osteoid 
surface, and decreased bone formation and resorption 
rates. These animals also exhibited a moderate but statis- 
tically nonsignificant trend for decreased osteoclast sur- 
face. In contrast to EHDP-treated OVX rats, treatment 
with NE-58095 did not induce increases in tibial absolute 
osteoid volume or inactive osteoid. 

Sham-operated control rats treated with either EHDP or 
NE-58095 exhibited marked increases in tibial cancellous 
bone volume and decreased indices of bone formation and 
resorption. Their values for cancellous bone volume were 
approximately a factor of 3 greater than diphosphonate- 
treated OVX rats and a factor of 2 greater than vehicle- 
treated control rats. 

Bone histomorphometric data from cancellous bone tis- 
sue in the first lumbar vertebral body are listed in Table 2. 
In general, bone changes in the lumbar vertebrae of vehi- 
cle-treated OVX rats were similar to those observed in the 
proximal tibiae. These changes include decreased cancel- 
lous bone volume and increases in the following parame- 
ters: osteoblast surface, osteoclast surface, osteoid surface, 
bone formation rate, and bone resorption rate. Treatment 
of OVX rats with estrogen normalized cancellous bone 
volume and decreased all the indices of bone turnover to 
levels comparable to those of vehicle- treated control rats. 
Normal cancellous bone volume and decreased bone turn- 
over were also observed in OVX rats treated with EHDP 
either according to the 1 week on, 3 weeks off regimen or 
twice weekly. However, these latter animals did not exhibit 
a decline in osteoid surface relative to vehicle-treated OVX 
rats and their mean value for inactive osteoid was signifi- 
cantly greater than the means for the vehicle-treated control 
and OVX rats. A similar increase in inactive osteoid was 
detected in OVX rats treated with EHDP according to the 
1 week on, 3 weeks off regimen. Cancellous bone volume 
in OVX rats treated with NE-58095 was significantly 
greater than that of vehicle-treated OVX rats but signifi- 
cantly less than that of vehicle-treated control rats. 
NE-58095 decreased osteoblast and osteoid surfaces as well 
as bone formation and resorption rates in OVX rats. How-, 
ever, osteoclast surface and inactive osteoid were not sig- 
nificantly different in OVX rats treated with vehicle or 
NE-58095. 

Differences in vertebral cancellous bone volume among 
rats of the various treatment groups are seen in Fig. 1. 

Absolute osteoid volume was < 0.1% in the lumbar ver- 
tebrae of all groups of rats except those treated with 
EHDP. OVX and control rats treated with EHDP accord- 
ing to the 1 week on, 3 weeks off regimen had mean abso- 
lute osteoid volumes of 0.2 ± 0.2% and 0.3 =fc 0.2%, re- 
spectively; OVX and control rats treated with EHDP twice 
weekly had means of 2.7 ± 2.5% and 4.7 ± 2.9%, respec- 
tively. The excess osteoid induced by EHDP treatment can 




S€0/8T0!2l HXN3D HDHV3SHH N0SM3QN3H 9f9Z SiS S06 XV3 Z0-VT 900Z/ZT/eO 




8C0/6T0lg] HDHV3S3H N0SH3aN3H 9fr9Z SIS S06 XVd CO^T S00Z/Z.T/C0 



PREVENTION OF BONE LOSS IN OVAMECTOMIZED RATS 



391 



i 

s 

I 



1! 



si 



p 

s + 



a! 



d 

■H 



o 

•H 



d 



3> * 



I 

8. 



-H 
5 



-H 



■H 



o 



o 



O 



-H -H -H 

^ * 

vi — o 



^ «n * 
* d 



Urn U 

HI * 
d 

_ V 



^ Si » 

u O 
ft * V 



o 

■H 



2 2 



-H 
8 



-H 



-H 



4) 



o d 
^ v 



■H - 
v d 
V 



rj en 
m ^ 

4. 

ft & 



O 
4 



o 

-fi 



q 



o 
V 



o 



— o 



— © 



o 

V 



o 

V 



d 
V 



d 

■H 
1 



1 

i 

2 

! 




2 £ O O 

a"? Vft > 

inn 




seo/ozolg 



9fr9Z SZS S06 XVd C0:fT S00Z/Z.T/S0 




WRONSHETAL. 




FIG. 1. Cancellous bone tissue in the first lumbar vertebral body from control (A) and OVX (B) rate tre^e4 ^th^ehi- 
cle alone, OVX rats treated with estrogen 5 days/week (Q or EHDP twice weekly <D) and OVX rats treated with EHDP 
rm or NE-58095 (F) according to the 1 week on, 3 weeks off regimen. The top of each photomicrograph is situated at l 
mm from the cranial growth plate so that equivalent areas of cancellous bone tissue are shown in each animal. Note me 
™u«d amount of darkly stained cancellous bone in the vehicle-treated OVX rat Note also the increased »M of 
cancellous bone in OVX rats treated with estrogen or diphosphonate compounds. Von Kossa stain, original magnifica- 
tion xl5. 



be seen in Fig. 2. In contrast, OVX and control rats 
treated with the other diphosphonate compound, NE- 
58095, had mean absolute osteoid volumes <0.1Vo. 

The lumbar vertebrae of sham-operated control rats 
treated with estrogen or diphosphonate compounds ex- 
hibited trends for increased cancellous bone volume rela- 
tive to the vertebrae of vehicle-treated control rats. How- 
ever, these trends were not statistically significant, with the 
exception of control rats treated with EHDP according to 
the 1 week on, 3 weeks off regimen. Control rats treated 
with either EHDP or NE-58095 had significant increases in 
inactive osteoid. 



DISCUSSION 

We previously reported that treatment of OVX rats with 
estrogen or diphosphonate compounds suppresses bone 
turnover and protects against tibial osteopenia for the first 
several months ^ovariectomy. <M This finding provided 
preliminary evidence for consideration of diphosphonate 
compounds as an alternative to estrogen for the prevention 
of postmenopausal bone loss. However, the question arises 
whether the protective effect of diphosphonate compounds 
can be maintained over a longer treatment period. The cur- 
rent study demonstrates that diphosphonate compounds 
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and estrogen are equally effective in preserving cancellous 
bone mass for an entire year in OVX rats. This protective 
effect was associated with decreased bone turnover and 
observed in both the appendicular and axial skeletons of 
OVX rats. This latter finding is especially significant be- 
cause of the presence of at least some bone remodeling in 
the rat vertebral column, which makes it more comparable 
to adult human bone. 112 * 

The diphosphonate compound etidronate (EHDP) has 
recently been shown to depress bone turnover, increase 
spinal bone mineral density, and reduce vertebral fracture 
rates in patients with established osteoporosis. <"-"> How- 
ever, clinical trials of the use of diphosphonates specif- 
ically for the prevention of early postmenopausal bone loss 
are sparse. Smith et aL<"> reported that EHDP depresses 
bone turnover soon after surgical menopause, but the 
duration of their study was too short to evaluate the effect 
of such treatment on bone mass. However, a recent clinical 
trial indicated that diphosphonates effectively prevent 
bone loss in early postmenopausal women. < l '> These find- 
ings in estrogen-deficient women are consistent with the 
skeletal effects of diphosphonates in OVX rats and further 
support the concept of diphosphonates as an alternative to 
estrogen for the prevention of postmenopausal bone loss. 

High doses of certain diphosphonate compounds are 
known to impair bone mineralization. lie - 20) In our previ- 
ous short-term study of 1-2 months 1 duration/ 1 " low doses 
of diphosphonates given intermittently induced only a 
slight rnineralization defect. It is therefore of particular in- 
terest to determine whether the extended treatment period 
of the current study (~ 1 year) impaired bone mineraliza- 
tion in OVX and intact, control rats. The observed in- 
creases in absolute osteoid volume and inactive osteoid in- 
dicate that EHDP induced a mineralization defect. The in- 
crease in the latter parameter provides evidence that most 
osteoid surfaces in EHDP-treated rats are devoid of osteo- 
blasts, which is a rare occurrence in normal rats as a result 
of their short mineralization lag time of 1-4 days.* 8 *" Since 



inactive osteoid was rarely detected in vehicle-treated rats, 
we interpret the high incidence of inactive osteoid in 
EHDP-treated rats as a consequence of a prolonged min- 
eralization lag time. The mineralization defect was slight in 
OVX and control rats treated with EHDP according to the 
1 week on, 3 weeks off regimen but wa^more pronounced 
in rats treated with EHDP twice weekly. Furthermore, the 
mineralization defect induced by EHDP tended to be more 
pronounced in the lumbar vertebra relative to the proximal 
tibia. On the other hand, the effect of the new diphospho- 
nate compound, NE-58095, on bone mineralization was 
minimal as evidenced by normal values for tibial absolute 
osteoid volume and inactive osteoid in most rats treated 
with the drug. The exception was the significant increase in 
vertebral inactive osteoid in sham-operated control, rats 
treated with NE-58095. This finding suggests that long- 
term treatment with NE-58095 may induce a slight altera- 
tion in bone rnineralization. Nevertheless, it is important 
to note that NE-58095 provided nearly complete protection 
against osteopenia in OVX rats with mimmal impairment 
of bone mineralization at a dose a thousandfold less than 
that of EHDP. 

Caution should be exercised in extrapolating between 
rats and humans on the effects of diphosphonates on bone 
mineralization. Although the dose of EHDP (5 mg/kg 
body weight) administered to rats in the current study and 
to humans in clinical trials is nearly identical, the route of 
adniiriistration differs (SC versus oral, respectively). Since 
diphosphonates are poorly absorbed through the gastroin- 
testinal tract,* 21 * oral administration of the drag presum- 
ably results in decreased skeletal uptake and less likelihood 
for impaired bone rnineralization. This appears to be the 
case, as humans treated orally with EHDP (5-10 mg/kg 
body weight) according to an intermittent, cyclical regimen 
(2 weeks on, 10-13 weeks off) for periods as long as 150 
weeks in recent clinical trials did not exhibit any signs of 
osteomalacia-* 14 * 1 ** 
In summary, the current study demonstrates that treat- 
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ment of OVX rats with estrogen or diphosphonate com- 
pounds provides long-term protection against the develop- 
ment of both tibial and vertebral osteopenia. This protec- 
tive effect is associated with decreased bone turnover at 
both skeletal sites. Despite the relatively long treatment pe- 
riod (- 1 year), the effects of the new diphosphonate com- 
pound, NE-58095, on bone mineralization were minimal, 
whereas EHDP induced a moderate mineralization defect. 
These findings support the concept of diphosphonate com- 
pounds as an alternative to estrogen for the prevention of 
postmenopausal bone loss. 
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Abstract. The study was designed to determine, by histo- 
morphometric techniques, bone changes as a function of 
time during long-term treatment with salmon calcitonin 
(CT) and after withdrawal of the hormone in ovariecto- 
mized (OVX) rats. Groups of OVX rats were treated with 
vehicle alone or CT on alternate days for 30, 60, or 90 days. 
Additional groups of sham-operated control rats were 
treated with vehicle alone. Rats from each of the three 
groups were sacrificed at each time point. All treatments in 
the remaining rats were then terminated at 90 days, followed 
by sacrifice of rats from each group at 30 and 60 days after 
withdrawal of vehicle or CT treatment. The proximal tibia 
from each animal was processed undecalcified for quanti- 
tative bone histomorphometry. Compared with control rats, 
the proximal tibiae of vehicle-treated OVX rats were char- 
acterized by cancellous osteopenia and significant increases 
in osteoclast surface, osteoblast surface, mineralizing sur- 
face, mineral apposition rate, and bone formation rate. CT 
treatment of OVX rats partially prevented cancellous bone 
loss by approximately 50% and significantly decreased 
most of the above indices of bone turnover relative to ve- 
hicle-treated OVX rats. However, soon after withdrawal of 
CT, OVX rats previously treated with the hormone exhib- 
ited rapid loss of cancellous bone associated with increased 
bone turnover. These results in an animal model of estrogen 
depletion suggest that early postmenopausal women who 
are withdrawn from prophylactic CT treatment may be at 
high risk for subsequent bone loss. 

Key words: Ovariectomy — Cancellous bone — Histo- 
morphometry — Osteopenia — Calcitonin withdrawal. 



Postmenopausal osteoporosis is characterized by a reduc- 
tion in bone mass associated with an increase in bone turn- 
over and an imbalance between bone resorption and forma- 
tion [1]. Calcitonin (CT), a peptide hormone, decreases 
bone resorption acutely [2, 3]. Clinical studies have dem- 
onstrated its efficacy for the prevention of postmenopausal 
bone loss [4-9]. A modest increase in bone mass has also 
been observed after CT treatment in patients with estab- 
lished osteoporosis [10-13]. The consensus of these studies 
is that the beneficial effects of the hormone on bone mass 
are due to a suppression of bone turnover. 

Continuous treatment of postmenopausal women for 
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several decades with CT is not practical due to the prohib- 
itive cost of the hormone. Therefore, the skeletal response to 
withdrawal of CT treatment is of considerable interest. In 
the only such clinical study to date, Overgaard et al. [14] 
reported that, after withdrawal of CT, the rate of bone loss 
in osteoporotic patients previously treated with the hormone 
was similar to that of placebo-treated patients. Biochemical 
estimates of bone turnover were also found to increase soon 
after CT withdrawal. 

A more complete characterization by bone histomorpho- 
metric techniques of the skeletal effects of CT treatment and 
withdrawal is highly desirable. Since such invasive studies 
are rare in humans, animal models are often relied upon to 
provide bone histomorphometric data. In this regard, the 
ovariectomized (OVX) rat has been widely used as an an- 
imal model for early postmenopausal bone loss. The skel- 
etal response to estrogen depletion is similar in OVX rats 
and early postmenopausal women [15, 16]. Furthermore, 
much as in postmenopausal women, CT has been shown to 
depress bone turnover and provide at least partial protection 
against bone loss in OVX rats [17, 18]. However, the skel- 
etal response to withdrawal of CT treatment in OVX rats 
has not been reported to date. 

Therefore, the objectives of the present study were to 
determine by histomorphometric techniques changes in can- 
cellous bone mass and turnover as a function of time during 
long-term treatment with CT as well as bone changes after 
withdrawal of CT in estrogen-deplete rats. 



Materials and Methods 

The experimental animals were 144 female Sprague-Dawley rats 
(Charles River Laboratory, Wilmington, MA) that were approxi- 
mately 90 days of age and weighed an average of 220 g at the 
beginning of the study. Eight rats were sacrificed on the day of 
surgery (day 0) as baseline controls. The remaining rats were 
anesthetized with an LP. injection of ketamine hydrochloride and 
xylazine at doses of 50 and 10 mg/kg body weight, respectively. 
Forty-six rats were subjected to sham surgeries in which the ova- 
ries were exteriorized but replaced intact. Bilateral ovariectomies 
were performed from a dorsal approach in the remaining 90 rats. 
Each rat was housed individually at 25°C with a light/dark cycle of 
13 hours/ 1 1 hours. Food (Teklad 22/5 Rodent Diet, Madison, WI), 
with Ca and P0 4 contents of 0.95% and 0.67%, respectively, was 
available ad libitum to the sham-operated control rats. The food 
consumption of OVX rats was restricted to that of control rats 
(pair-feeding) to minimize the increase in body weight associated 
with ovariectomy [19]. 

One group of OVX rats was injected S.C with salmon calci- 
tonin (Bachem Inc., Torrance, CA) on alternate days at a dose of 
4 u,g/kg body weight (16 U/kg body weight). Sham-operated con- 
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trol rats and the remaining OVX rats were injected S.C. on alter- 
nate days with saline vehicle. These treatments were initiated on 
the first day after surgery and continued for periods of 30, 60, or 
90 days. Vehicle- or CT-treated rats from each of the three groups 
(n = 8—10 per group) were sacrificed at each time point. After 90 
days of treatment with vehicle or CT, treatments were withdrawn 
in the remaining rats followed by sacrifice of six rats from each 
group at 30 and 60 days after withdrawal. Prior to sacrifice, all rats 
were injected LP. with demeclocycline (Lederle Laboratories, 
Pearl River, NY) and calcein (Sigma Chemical Co., St. Louis, 
MO) at a dose of 15 mg/kg body weight on the 10th and 3rd days 
prior to sacrifice, respectively, to label sites of bone formation. 

All rats were sacrificed by exsanguination from the abdominal 
aorta under ketamine/xylazine anesthesia. Success of ovariectomy 
was confirmed at necropsy by failure to detect ovarian tissue and 
by observation of marked atrophy of the uterine horns. The right 
proximal tibia from each animal was stripped of musculature and 
placed in 10% phosphate-buffered formalin for 24 hours for tissue 
fixation. Soon after their collection, serum samples were stored at 
-80°C until analyzed spectrophotometrically for their calcium 
content with a CIBA-Corning 550 Express Random Access Chem- 
istry Analyzer (Oberlin, OH) by the cresolphthalein complexone 
colorimetric method. 

Bone samples were dehydrated in ethanol and embedded un- 
decalcified in methyl methacrylate [20]. Longitudinal sections (4- 
and 8-|JLm thick) were cut with an AO Autocut/Jung 1150 micro- 
tome. The 4- jim thick sections were stained according to the Von 
Kossa method with a tetrachrome counterstain (Polysciences Inc., 
Warrington, PA). Bone measurements were performed in cancel- 
lous bone tissue of the proximal tibial metaphysis at distances 
greater than 1 mm from the growth plate-metaphyseal junction to 
exclude the primary spongiosa. In general, two sections of the 
proximal tibia with 40-50 mm of cancellous bone perimeter were 
sampled in each animal with an appreciable amount of cancellous 
bone. Additional sections were sampled in osteopenic animals to 
approximate the cancellous bone perimeter sampled in animals 
with greater cancellous bone mass. 

Bone measurements were performed with the Bioquant Bone 
Morphometry System (R&M Biometrics Corp., Nashville, TN) as 
previously described [21]. Cancellous bone volume as a percent- 
age of bone tissue area and osteoblast and osteoclast surfaces as 
percentages of total cancellous perimeter were measured in 4-fxm 
thick, stained sections. 

Fluorochrome-based indices of bone formation were measured 
in unstained, 8-|xm-thick sections of the proximal tibial metaphy- 
sis. The percentage of cancellous bone surface with a double flu- 
orochrome label (mineralizing surface) and mineral apposition rate 
were measured with the Bioquant system. In addition, bone for- 
mation rate (tissue level, total surface referent) was calculated by 
multiplying mineralizing surface by mineral apposition rate [22]. 
Values for mineral apposition rate were not corrected for obliquity 
of the plane of section in cancellous bone [23]. 

Data are expressed as the mean ± SE for each group. Statistical 
differences among groups were evaluated at each time point with 
the Kruskal Wallis test involving a multiple comparison procedure 
[24]. P values less than 0.05 were considered to be significant. 



Results 



All groups of rats gained weight during the course of the 
study as their mean values increased from approximately 
220 g on day 0 to 300-320 g at the end of the 90-day 
treatment period. Despite pair- feeding, vehicle-treated OVX 
rats tended to gain more body weight than vehicle-treated 
control rats. On the other hand, CT-treated OVX rats 
weighed significantly less (P < 0.05) than vehicle-treated 
OVX rats at 60 and 90 days postovariectomy. After with- 
drawal of CT treatment, the body weights of OVX rats 
previously treated with the hormone were not restored to the 
level of vehicle-treated OVX rats. 

No significant differences in serum calcium were ob- 



served among the three treatment groups. For example, on 
day 30, mean serum calcium values for vehicle-treated con- 
trol, vehicle-treated OVX, and CT-treated OVX rats were 
10.9 ± 0.3, 10.8 ± 0.3, and 10.3 ± 0.2 mg/dl, respectively. 
Although the relatively normal value for CT-treated OVX 
rats suggests that these animals were not hypocalcemic, it is 
important to note that the terminal blood samples were col- 
lected at least 24 hours after the last CT injection. There- 
fore, the possibility that CT induced a transient hypocalce- 
mia of 2-3 hours duration after an S.C. injection [25] cannot 
be ruled out. 

Cancellous bone volume of vehicle-treated control rats 
remained relatively constant over the entire study (Fig. 1 A). 
In contrast, cancellous bone mass in vehicle-treated OVX 
rats exhibited a marked decrease of approximately 75% 
compared with that of baseline control rats, which was at 
least a factor of 4 less than that of vehicle-treated control 
rats throughout the study. CT treatment provided partial 
protection against cancellous bone loss in OVX rats as the 
mean values for this group were significantly greater than 
those of vehicle-treated OVX rats, but significantly less than 
those of vehicle-treated control rats. Within 30 days after 
withdrawal of CT, cancellous bone volume declined by 
50% and rapidly reached the osteopenic level of vehicle- 
treated OVX rats. 

Osteoclast surface of vehicle-treated OVX rats increased 
significantly relative to that of vehicle-treated control rats at 
all time points within 90 days after surgery (Fig. IB). How- 
ever, osteoclast surface of CT-treated OVX rats was de- 
creased compared with that of vehicle-treated OVX rats, 
although this decrease reached statistical significance only 
at 60 days. During the withdrawal period, osteoclast surface 
in CT-treated OVX rats changed little compared with earlier 
time points. But due to age-related declines in this variable 
in vehicle-treated control and OVX groups during the later 
stages of the study, osteoclast surface of OVX rats previ- 
ously treated with CT was significantly greater than that of 
both vehicle-treated groups. 

In vehicle-treated control rats, osteoblast surface exhib- 
ited a trend for an age-related decrease throughout the study 
(Fig. 1C). This variable was significantly increased in ve- 
hicle-treated OVX rats up to 90 days postsurgery. In con- 
trast, osteoblast surface in CT-treated OVX rats was signif- 
icantly decreased over the entire treatment period compared 
with that of vehicle-treated OVX rats. Soon after CT with- 
drawal, osteoblast surface increased markedly, then sub- 
sided somewhat, but was still significantly higher than that 
of both vehicle-treated groups. 

The effects of ovariectomy and CT treatment and with- 
drawal on mineralizing surface (data not shown) were sim- 
ilar to those described above for osteoblast surface. Mineral 
apposition rate (data not shown) was significantly increased 
in vehicle-treated OVX rats compared with vehicle-treated 
control rats at 30, 60, and 90 days postsurgery. Afterwards, 
this variable declined in vehicle-treated OVX rats toward 
control levels. CT treatment of OVX rats significantly de- 
creased mineral apposition rate to the level of vehicle- 
treated control rats at 60 and 90 days. During the withdrawal 
period, this variable increased somewhat in OVX rats pre- 
viously treated with CT so that there were no longer any 
significant differences between this group and vehicle- 
treated OVX rats. 

Bone formation rate decreased with age in vehicle- 
treated control rats (Fig. ID). Compared with this group, 
bone formation rate was significantly increased in the ve- 
hicle-treated OVX group at each time point. At 60 and 90 
days, bone formation rate was significantly decreased in 
CT-treated OVX rats to near the level of vehicle-treated 
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(0) (30) (60) (0) (30) (60) 



C DAYS POSTOVARIECTOMY D DAYS POSTOVARIECTOMY 

Fig. 1. Cancellous bone volume (A), osteoclast surface (B), osteoblast surface (C), and bone formation rate (D) in the proximal tibial 
metaphysis of the three groups of rats are plotted as a function of time postovariectomy. All rats were treated with vehicle (VEH) or 
calcitonin (CT) for the first 90 days (solid lines), followed by withdrawal of treatment for the duration of the study (broken lines). Numbers 
in parentheses on the x-axis are times after withdrawal of treatment. Each data point is the mean ± SE of 6-10 animals. (O) CON + VEH; 
(■) OVX + VEH; (A) OVX + CT. Significantly different from vehicle-treated control group (P < 0.05). Significantly different from 
vehicle-treated OVX group (P < 0.05). 



control rats. Withdrawal of CT treatment resulted in an 
increase in bone formation rate to the level of vehicle- 
treated OVX rats at 120 days (30 days of withdrawal). Af- 
terwards, bone formation rate in OVX rats previously 
treated with CT was significantly less than that of vehicle- 
treated OVX rats, but significantly greater than that of ve- 
hicle-treated control rats. 



Discussion 

The present study shows that long-term treatment of OVX 
rats with CT depresses bone turnover and partially prevents 
the development of cancellous osteopenia. Furthermore, 
soon after withdrawal of CT treatment, OVX rats exhibit 
increased bone turnover and rapid loss of cancellous bone 
mass. These results from an animal model of estrogen de- 
pletion are consistent with clinical trials of the bone protec- 
tive effect of CT as well as the loss of this protective effect 



after CT withdrawal in postmenopausal women [14]. De- 
spite this consistency, one must be cautious in extrapolating 
between data obtained from animal studies and clinical tri- 
als. For example, the rate of bone loss after CT withdrawal 
in women is undoubtedly affected by factors not addressed 
in the current animal study such as age and stage of meno- 
pause, severity of osteopenia, baseline rate of bone turnover, 
and dose and duration of CT treatment. 

It is interesting to compare the bone protective effect of 
CT in OVX rats with that of other antiresorptive agents such 
as estrogen and bisphosphonates. In our prior studies with 
OVX rats of nearly identical ages at the beginning of treat- 
ment, estrogen and bisphosphonates provided complete pro- 
tection against cancellous bone loss [26, 27] whereas in the 
current study, CT had only a partial bone protective effect. 
Since all three treatments were found to depress bone for- 
mation as well as bone resorption, the observed difference 
in the efficacy of the antiresorptive agents cannot be ex- 
plained on the basis of different effects on bone formation. 
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Bonucci et al. [18] also detected only a partial bone protec- 
tive effect with a similar dose of CT in OVX rats. Although 
it may be possible that a higher dose of CT may have had a 
stronger bone protective effect, such a dose would probably 
also have had a marked anorectic effect [28, 29]. Even at the 
dose used in the current study (16 U/kg), which is much 
higher than the human dose (1-3 U/kg), the CT-treated 
OVX rats weighed significantly less than the vehicle-treated 
OVX rats. Therefore, a higher dose of CT would have un- 
doubtedly introduced weight loss as a complicating variable 
for data interpretation. In any case, since the skeletal re- 
sponse to antiresorptive agents is similar in estrogen-deplete 
rats and women, our findings suggest that CT may not be as 
effective as estrogen or bisphosphonates for the prevention 
of early postmenopausal bone loss. Similarly, in patients 
with established osteoporosis, Adami et al. [30] found that 
the bisphosphonate alendronate was much more effective 
than CT in depressing bone turnover and modestly increas- 
ing bone mass. 

Trends for decreased bone volume and increased cellular 
indices of bone turnover were observed in OVX rats at 90 
days of CT treatment compared with 60 days of treatment 
with the hormone. Although nonsignificant, these trends 
suggest that the skeletal response to CT may be declining 
with length of treatment. This phenomenon has been re- 
ported in some clinical trials involving long-term CT treat- 
ment of postmenopausal osteoporotic patients [31, 32]. 
"Escape" from the skeletal effects of CT has been attrib- 
uted to progressive down-regulation of bone binding sites 
for the hormone [33]. It has also been suggested that skeletal 
resistance to CT may develop as a consequence of antibody 
formation [34, 35]. However, evidence to the contrary [8] 
makes the significance of the latter mechanism unclear. 

Overgaard et al. [14] found that, after withdrawal of CT 
treatment, postmenopausal women exhibited bone loss as- 
sociated with increased bone turnover. Pazzaglia et al. [36] 
also showed that bone resorption increased 20-40 days after 
withdrawal of CT treatment in intact male rats. Our results 
in OVX rats are consistent with these findings. The rapid 
bone changes after withdrawal of CT may be interpreted as 
evidence for its short biological half-life. It is noteworthy 
that the rate of bone loss induced by CT withdrawal was 
similar to that of vehicle-treated OVX rats for the first 30 
days postovariectomy, and that both periods of bone loss 
were associated with increased bone turnover. These find- 
ings, which are similar to the skeletal effects of estrogen 
withdrawal in OVX rats [21], suggest that early postmeno- 
pausal women who are withdrawn from prophylactic CT 
treatment may be at high risk for subsequent bone loss. 
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ABSTRACT 

Ovariectomy molts In cancellous osteopenia In rat long bones, a condition that Is prevented by treatment 
with estrogens. The purpose of these studies was to clarify the effects of estrogen on cancellous bone turn- 
over using dynamic bone hlstomorphometry. Treatment of ovariectomized rats with dlethybtilbegtrol (PES) 
reduced the mineral apposition rate, doable-label perimeter, osteoblast number, and osteoclast number, sug- 
gesting that the hormone had inhibitory effects on bone formation as well as bone resorption . However, we 
could not estimate the bone formation rate because of rapid resorption of tetracydine4abeled bone in the 
ovariectomized rat. The magnitude of loss was documented by a time course study: 58% of the tetracycline 
initially Incorporated Into the secondary sponglosa of the tibial metaphysis was resorbed after 11 days and 
89% was resorbed after 22 days. Similarly, cancellous bone area was decreased by 67% after 11 days and by 
88% after 22 days. Administration of either DES or tamoxifen (TAM) dramatically reduced resorption of 
tetracycline as welt as the decrease in cancellous bone area. These results demonstrate that (1) estrogen pre- 
vents osteopenia in ovariectomized (OVX) rats, in part by inhibiting bone turnover, (2) TAM is an estrogen 
agonist on bone resorption, and (3) resorption of tetracycline4abeled bone leads to serious underestimation 
of the bone formation rate in OVX rats. 



INTRODUCTION 

THERE IS PRONOUNCED SEXUAL DIMORPHISM in skeletal 
architecture and mass in rats and humans. Gona- 
dal hormones appear to be responsible for certain aspects 
of this sexual dimorphism in both spedes, including the 
higher peak bone mass found in males. < *"* > In rats, gooa- 
dectomy obliterates the sex difference in radial growth of 
lpn£ bones, but this difference is reestablished after admin- 
istration of estrogens to ovariectomized (OVX) females 
and androgens to orchiectonrized males. 

Sex steroids, especially estrogen, have profound effects 
on longitudinal growth and cancellous bone turnover. 
High doses of estrogen inhibit longitudinal growth of long 
bones in girls, <T> as well as in growing female rats. (,) 
Ovariectomy in rats is believed to result in increases in 
bone resorption, and to a lesser extent bone formation, 



leading to an overall loss of cancellous bone.'*- 10 ' Similar 
mechanisms may be responsible for the net loss of cancel* 
lous bone in OVX and postmenopausal women. (1I U> The 
increase in bone formation could be due to estrogen defi- 
ciency per se or, alternatively, secondary to increased bone 
resorption. Whatever the mechanism, these latter changes 
are clinically important because they are partly responsible 
for the marked increase in fracture risk in postmenopausal 
women. w 

Some studies suggest that estrogen replacement therapy 
prevents osteopenia in OVX and postmenopausal 
women<» »> and OVX rats (,0 "> by decreasing bone re- 
sorption, and to a lesser extent bone formation, with an 
overall improvement in bone balance. Other investigators 
have reported that estrogen treatment increases bone mea- 
surements related to bone formation in OVX<"> and in- 
tact<"> rats. However, the results of all the studies thus 
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far (i#.u-u> ^ equivocal because there have been no direct 
measurements of bone resorption and changes in longi- 
tudinal growth, endochondral ossification, and bone re- 
sorption may have confounded estimation of bone forma- 
tion. To help clarify the actions of estrogen on bone bal- 
ance, we developed new methods to estimate growth-inde- 
pendent changes in bone resorption and bone formation in 
the secondary spongiosa of the tibial metaphysis. In the 
present study, we applied these techniques to determine the 
effects of the nonsteroidal synthetic estrogen methylstilbes- 
trol (PES) and the partial estrogen agonist tamoxifen 
(TAM) on sequential bone turnover. 



MATERIALS AND METHODS 
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the increase in osteoclast number following, ovariec- 
tomy, tl0> as well as measurements related to bone resorp- 
tion after sciatic neurotomy. (W> Tetracycline was adminis- 
tered to 8-week-old OVX rats weighing 170 g 1 week fol- 
lowing surgery. One group of six rats was sacrificed 6 h 
following administration of the fhiorochrome to provide 
baseline measurements. Hormone replacement treatment 
was then initiated. Groups of six rats were implanted SC 
with controlled-release pellets designed to adniinister a 
constant release (2.5 mg in 3 weeks) of DES (Innovative 
Research, Toledo, OH) or, in the case of the controls, 
drug-free pellets. This experiment was then repeated except 
that the treated rats were administered controlled-releasc 
pellets containing TAM (5 mg in 3 weeks). The drug- 
treated rats and control animals were sacrificed with CO* 
gas 11 days following adrninistration of the fluorochrome. 



In experiment 1, a time course was determined for the 
effects 0 f DES on bone dynamic histomorphometry in the 
tibial metaphysis. OVX rats 10 weeks old weighing 200 g 
were divided into four groups of 10 animals. Two of the 
groups were implanted subcutaneously (SC) with con* 
troUed-release pellets containing DES 7 days after OVX. 
The other two groups were given similar pellets without 
DES as controls. One control and one DES group of rats 
were given tetracycline 24 h following pellet implantation 
(tetracycline hydrochloride; Sigma Chemical Co., St. 
Louis, MO) by intraperitoneal (IP) injection (20 rog/kg). 
These same groups were given a second injection of tetra- 
cycline 5 days following the first and sacrificed 24 h later 
with CO, gas. The remaining group of DES-treated and 
control rats were injected with tetracycline 8 and 13 days 
after the implantation of the pellets and sacrificed on day 
14. Following sacrifice the tibiae were excised and pro- 
cessed for histomorphometry. 

Experiment 2 was a time course to determine the resorp- 
tion of tetracycline from cancellous bone in the secondary 
spongiosa; any resorption of tetracycline in a double-label 
experiment, such as experiment 1, would lead to underesti- 
mation of the bone formation rate. Fats 8 weeks old 
weighing 170 g (Harlan Sprague-Dawtey, Indianapolis, IN) 
were divided into three groups of six to eight animals. All 
rats were given tetracycline as a single bolus injection IP 
(20 mg/kg) 7 days after OVX. Groups of rats were sacri- 
ficed 6 h, 1 1 days, and 22 days after adinmistration of the 
fluorochrome. Followmg sacrifice, the tibiae were excised, 
fixed in 70% ethanoi, dehydrated with increasing concen- 
trations of ethanoi, embedded rmneraHzed in methyl meth- 
acrylate, and sectioned at an indicated thickness of 5 /an 
for subsequent measurement of static and dynamic bone 
histomorphometry. 

Experiment 3 was designed to determine if DES and 
TAM alter the resorption of tetracycline incorporated into 
cancellous bone of OVX rats. Any change in resorption of 
the fluorochrome would further complicate interpretation 
of bone formation values calculated using conventional 
double-label methods. DES was used because this potent, 
nonsteroidal synthetic estrogen has only a weak affinity 
for other classes of sex steroid receptors and is not metab- 
olized to other classes of sex steroid. TAM was used be- 
cause this partial estrogen agonist was shown to prevent 



Bone histomorphometry 

Histomorphometric measurements were performed with 
a SMl-Microcomp-P.M. semiautomatic image analysis sys- 
tem (Southern Micro Instruments, Inc., Atlanta, OA) con- 
sisting of a computer (Compak) coupled to a photomicro- 
scope and image analysis system. <"> In this system, a high- 
resolution color video camera records the image of the 
specimen through the microscope and displays the image 
on a video minitor that registers the movement of a digitiz- 
ing pen on a graphics tablet. As the pen is moved along the * 
graphics tablet, a tracing appears superimposed on the 
image of the specimen displayed on the video screen. The 
region of interest is traced, the line lengths and area 
bounded by the lines are automatically calculated by the 
computer, and the values are stored until recalled for anal- 
ysis. . 

Cancellous bone measurements were made on unstained 
sections. A standard sampling site was established in the 
secondary spongiosa of the metaphyseal region of the 
proximal tibia I mm distal to the tetracycline label that was 
deposited in the mineralizing cartilage of the epiphyseal 
growth plate, its center being perpendicular to and on the 
long axis of the bone. tt0) This method differs from con- 
ventional methods, which locate the sampling site relative 
to the growth plate. Our modified method compensates 
for differences in longitudinal growth between the control 
and DES-treated rats to ensure that equivalent sampling 
sites are measured. The site sampled is situated in the sec- 
ondary spongiosa and extends bilaterally in each section 
but excludes the cortical edges. A total metaphyseal area 
of 2.0 mm* was sampled for each section. 

Double-label dynamic bone histomorphometry 

The following measurements were performed on un- 
stained sections under ultraviolet fluorescence (experiment 
1): 

Cancellous bone perimeter per tissue area (B.Pm/T.Ar, 
mm/mm 2 ): total canceDous bone perimeter within the sam- 
pling site. a. 

Single-label perimeter per tissue area (sL.Pm/T.Ar, 
mm/mm 1 ): total cancellous bone perimeter with one tetra- 
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cyclinc label. The method docs not distinguish between 
first and second label. The data are expressed as percen- 
tage of total cancellous bone perimeter. 

Double-label perimeter per tissue area (dL.Pm/T.Ar, 
mm/mm 3 ): total cancellous bone perimeter with two tetra- 
cycline labels. The data are expressed as percentage total 
cancellous bone perimeter. 

Mineral apposition rate Oun/day): mean distance be- 
tween the two tetracycline labels (Ir.L, jim) divided by the 
labeling interval of 5 days. This value was the mean deter- 
mined from 50-100 measurements per section. 

Longitudinal growth rate (Lo.Gt.R, /on/day): mean dis- 
tance from the tetracycline label in the nuneralizirig carti- 
lage to the tetracycline label in the primary spongiosa mea- 
sured at five equidistant sites across the growth plate. The 
mean distance was divided by the labeling interval of 5 
days. 

Acid phosphatase-stained sections 

The following measurements were performed on sec- 
tions stained for acid phosphatase and counterstained with 
toluidine blue (experiment 1): 

Osteoclast perimeter per tissue perimeter (Oc.Pm/T.Pm, 
mm/mm): total cancellous bone perimeter with osteoclasts 
within the standard sampling site. This value is expressed 
as a percentage. 

Osteoclast number per cancellous bone perimeter (cells 
per mm): number of multinucleated, acid phosphatase- 
positive cells lining cancellous bone within the sampling 
site in the secondary spongiosa divided by bone perimeter. 

Osteoblast perimeter per bone perimeter (Ob.Pm/B.Pm, 
mm/mm): total cancellous bone perimeter with osteoblasts 
within the standard sampling site divided by total perime- 
ter. This value is expressed as a percentage. This method 
underestimates cell number because some osteoblast pro- 
files are indistinguishable from lining cells. 

Resorption of previously incorporated tetracycline 

The following measurements were performed on un- 
stained sections under UV fluorescence (experiments 1 and 
2): 

Label perimeter per tissue area (sL.Pm/T.Ar, mm/ 
mm*): total cancellous bone perimeter with tetracycline 
label within the standard sampling site. This value is ex- 
pressed as a perimeter. 
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Cancellous bone area per tissue are (B.Ar/T.Ar, mm 2 / 
mm 1 ): total area of cancellous bone within the sampling 
site. This value is expressed as a percentage. 



RESULTS 

The OVX rats increased in body weight by 37% during 
the 2 weeks following implantation of drug-free pellets (ex- 
periment 1). As expected, treatment of OVX rats with either 
DBS or TAM resulted in significantly (p < 0.01) smaller in- 
creases in weight, with treated rats growing 2°/o (experiment 
1) and 21.3% (experiment 3) less than OVX controls. 

The effects of 1 and 2 weeks of DBS treatment on dy- 
namic bone measurements in the secondary spongiosa of 
the cancellous tibial metaphysis (experiment 1) are shown 
in Table 1. Treatment for 1 week resulted in no change in 
total cancellous bone perimeter or double-label perimeter, 
increased the single-labeled perimeter, and decreased both 
the mineral apposition and longitudinal growth rates com- 
pared with OVX rats implanted with drug-free pellets. 
Treatment for 2 weeks resulted in further decreases in min- 
eral apposition rate and longitudinal growth rate, de- 
creased double-labeled perimeter, and increased single- 
label perimeter and total cancellous bone perimeter com- 
pared with the age-matched drug-free controls. 

The effect of 1 week of DES treatment (experiment 1) 
on cell number is shown in Table 2. DES treatment re- 
sulted in decreases in osteoclast perimeter, osteoclast num- 
ber, and osteoblast perimeter in the secondary spongiosa. 

The effects of time on tetracydine-labeled perimeter, 
cancellous bone area, and longitudinal growth are shown 
for experiment 2 in Fig. 1. Of the cancellous bone perime- 
ter in the metaphyseal sampling site 20.5 ± 4.2% was la- 
beled at baseline (6 h following administration of tetracy- 
cline). The labeled perimeter was decreased by 58% 11 
days following administration of the fluorochrome and 
89% after 22 days (Fig. 1 A). Similarly, there was a 67% re- 
duction in cancellous bone area in the sampling site after 
11 days and an 88% reduction after 22 days (Fig. IB). A 
linear increase in tibial length due to longitudinal growth 
was observed (Fig. 1Q. 

The effects of treatment with DES and TAM on cancel- 
lous bone area and tetracycline-labeled perimeter (experi- 
ment 3) are shown in Fig. 2. Tetracycline-labeled perimeter 
was significantly reduced in OVX rats compared to the 
DES- and TAM-treatcd OVX animals (Fig. 2A). The DES- 
and TAM-treated OVX animals did not differ significantly 



Table 2. Effects of 1 Week of DES Treatment on Bone Cell Measurements in 
thb Tibial Metaphysis of OVX Rats 8 



Measurement 



Control 



DES 



% Change 



•Values are mean ± SEM, N = 7 or 8. 
p > 0.05 by unpaired /-test. 



p Value 



Osteoclast perimeter, % 22.5 ± 2.5 5.1 ±1.4 -77 <0.00015 

Osteoclasts, cells per mm 4.7 ± 0.6 1.3 ± 0.3 -72 < 0.00025 

Osteoblast perimeter. <fc 23.6 ± 1.8 13.9 ± 2.2 -41 <0.006 
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FIG, 1. Effect of time after administration of a single boms IP injection of tetracycline on (A) tetracycHne-labeled pe- 
rimeter (sL.Pm/T.Ar) and (B) cancellous bone area (B.Ar/T.Ar) in a standard sampling site located in the secondary 
spongiosa of the tibial metaphysis 1 mm distal to the tetracycline label originally deposited in the zone of mineralizing 
growth plate cartilage. The effect of time on (Q distance from the label incorporated into the mineralizing growth plate 
cartilage and the mineralizing growth plate cartilage at sacrifice is also shown. The values are mean ± SEM, TV = 6-8. *p 
< 0.05, **p < 0.01 compared to baseline controls sacrificed 6 h following administration of tetracycline. 




FIG. 2. Effects of DES and TAM on (A) tetracycline-labeled perimeter and (B) cancellous bone area. The rats were 
sacrificed 1 1 days following administration of tetracycline and the data expressed as percentage of baseline control. The 
values are mean ± SEM, N = 6-8. *p < 0.05, * *p < 0.02 compared to treated groups. 
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from their respective baseline values. Cancellous bone area 
was also significantly reduced in OVX rats compared to 
the DBS- and TAM-treated OVX animals (Fig, 2B). 
Again, the DES- and TAM-treated OVX animals did not 
differ significantly from the baseline controls. 



DISCUSSION 

There is general agreement that bone formation is in- 
creased in the tibial metaphysis following OVX. However, 
the effects of estrogen on bone formation remain contro- 
versial. On one hand, Wronski et al. tu > reported that high 
doses of 170-estradiol preserve cancellous bone volume in 
OVX rats by inhibiting bone turnover, and Kalu et al. <4?> 
showed that much smaller doses of 170-estradiol prevented 
the increase in mineral apposition rate. In marked con- 
trast, Takano-Yamarnoto and Rodan ,H) reported that ad- 
ministration of estrogen to femora of OVX rats increased 
osteoblast number; these authors interpreted the latter re- 
sults as evidence that estrogen increased bone formation. 
This conclusion is supported by Tobias et al., (U> who re- 
ported that estrogen increased bone formation in intact fe- 
male rats. 

The results of the present study support the hypothesis 
that estrogen inhibits bone turnover in OVX rats. In addi- 
tion to decreasing osteoclast number and inhibiting resorp- 
tion of previously incorporated tetracycline, DES reduced 
several measurements related to bone formation: specif- 
ically, mineral apposition rate, double-labeled perimeter, 
and osteoblast number. An important finding in these 
studies was that as much as 59b of a fluorochrome label in- 
corporated into cancellous bone of an OVX rat was re- 
sorbed each day. Resorption of previously incorporated 
label would also be expected to occur during conventional 
double-label studies to estimate bone formation and would 
result in underestimation of the' formation rate, especially 
when the label is administered a long interval before sacri- 
fice. The reliance on labels that are subject to varying rates 
of bone resorption introduces a potential artefact into cal- 
culation of bone formation rate. This artefact could influ- 
ence interpretation of data obtained using the OVX-estro- 
gen-treated rat model because OVX and estrogens alter 
bone resorption in opposing directions. Age may also be 
an important variable. The present studies we carried out 
in young growing rats; further studies are necessary to es- 
tablish the effects of bone resorption on fluorochromes in- 
corporated into cancellous bone of mature animals. 

Our studies differ from all previous studies in that we 
adjusted the position of the sampling site to compensate 
for longitudinal growth and thus limited our measurements 
to bone undergoing sequential turnover. Comparison of 
longitudinal growth and mineral apposition rates (Table 1) 
reveals that longitudinal growth is much more important 
than remodeling in determining cancellous bone volume in 
young rats. OVX and estrogen treatment increase and de- 
crease lorigitudinal bone growth, respectively. Failure to 
compensate for the growth differences results in nonequiv. 
alent sampling of the cancellous bone. As a consequence, 
observed differences reported for estrogen-treated and 



control rats may be related to skeletal maturity as well as 
hormone-induced changes in bone turnover.* 1 " This com- 
plication becomes decreasingly important with age because 
of greatly reduced longitudinal growth in adult rats. 

We characterized the effect of estrogen on retention of 
tetracycline in cancellous bone in the secondary spongiosa 
of OVX rats. This method is based on the principle that 
tetracycline is retained at the site of its initial deposition 
until that bone undergoes resorption. To achieve equal la- 
beling, the fluorochrome was administered before initi- 
ating treatment. Thus, differences in tetracycline-labded 
bone at the end of the study must represent an effect of the 
treatment on net bone resorption. It is assumed that re- 
sorption of the bone in which the tetracycline is deposited 
is representative of bone in the sampling site as a whole, an 
assumption that appears to be borne out by the parallel 
time-dependent decreases in bone area and tetracycline-la- 
bcled perimeter. Also, the simultaneous decrease in osteo- 
clast number and increases in tetracydine-labeled perime- 
ter and bone volume in DES- and TAM-treated rats is con- 
sistent with this interpretation. Since large changes in bone 
formation have the potential to alter the disappearance of 
label independently of changes in bone resorption, it is im- 
portant to evaluate indices of bone formation. In the pres- 
ent study, all measurements related to bone formation 
were reduced by DES. A decrease in bone formation 
should result in an overestimation of bone resorption com- 
pared to the controls. Thus, the observed inhibitory effect 
of DES on the disappearance of tetracycline indicates that 
bone resorption is essentially halted'by a high dose of es- 
trogen. 

Estrogen treatment reduced osteoclast number and pe- 
rimeter in OVX rats. This finding is in agreement with pre- 
vious studies demonstrating an increased osteoclast num- 
ber in rats following OVX and decreased osteoclast num- 
ber in OVX rats following treatment with estro- 
gen, t^ 10 '" 14 * TAM was shown in previous studies to pre- 
vent cancellous osteopenia following OVX (10) and unilat- 
eral sciatic neurotomy. im The present results suggest that 
this protective effect is due, at least in part, to TAM acting 
as an estrogen agonist on osteoclasts. This conclusion is 
supported by a study demonstrating that TAM treatment 
prevents the increases in osteoclast number and size fol- 
lowing OVX. tl0 > 

The changes in bone resorption in estrogen-treated rats 
could result in an increase in double-labeled bone perime- 
ter without there being an increase in bone formation. The 
magnitude of this label artefact depends upon the age of 
the rats, labeling schedule, and dose of the hormone and 
could be responsible for some of the discrepancies in the 
literature. 

Changes in bone resorption do not explain the discrep- 
ancy between investigators who report that estrogen in- 
creases'"' and decreases*"- 17 ' the mineral apposition rate 
in cancellous bone. The present study demonstrated a pro- 
nounced inhibitory effect of estrogen on the mineral appo- 
sition rate in bone at a site located in the secondary spongi- 
osa at the start of treatment. Although a very high dose of 
DES was administered by continuous-release pellets, we 
achieved similar results in OVX rats treated with 170-es- 
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tradiol at moderate 4 and 8 pg/kg and toxic 4000 pg/kg 
doses by daily injection, suggesting that neither the rate 
nor the means of administration of estrogen is critical 
(data not shown). The present study differs from that of 
Tobias et al.* m in that we used OVX rats whereas these in- 
vestigators used intact animals. However, Wronski et 
al.'"> did not observe an increase in mineral apposition 
rate in estrogen-treated rats, suggesting that the difference 
in results is not due to intact ovaries. Further studies are 
necessary to clarify these different findings. 

The mechanism of action of estrogen on the skeleton is 
not known. It is dear that the long-term effects of the hor- 
mone are influenced by adaptive processes, which may in- 
clude changes in calcium absorption (10) and mechanical 
loading.' 10 However, there is no compelling evidence that 
the effects of the hormone are mediated by changes in cal- 
cium regulating hormones or other systemic factors. (M> 
Furthermore, we have shown that estrogen treatment re- 
duces mRNA levels for insulin-like growth factor I in cal : 
varial periosteum within 2 h, suggesting that the hormone 
has direct effects on cells of bone to regulate their activ- 
ity. < M > 

The results of numerous studies suggest that ovariec- 
tomy has tissue-specific effects on bone balance in rat 
tibiae: there is a net addition of bone to the periosteal sur- 
face of the middiaphysis, a small net loss from the endos- 
teal surface, and a large net loss from the trabecular sur- 
faces of the metaphysis.<* , - ,0 U I4 U) These differences are 
due, in part, to regional differences in osteoclasts. There 
are very few osteoclasts in the periosteum and no evidence 
that their number is altered by ovariectomy; there are also 
few osteoclasts on the endosteum, but their number is in- 
creased following ovariectomy «* , * 24 »; osteoclasts are preva- 
lent on trabecular surfaces, and their number is increased 
following OVX. <LOU > Bone formation was increased in 
OVX rats at the periosteum, with no increase in bone re- 
sorption, and bone resorption was increased at the endos- 
teum, with no corresponding consistent increase in bone 
formation. These observations provide circumstantial evi- 
dence against the hypothesis that the increase in bone for- 
mation in OVX rats is secondary to changes in bone re- 
sorption, (M - ,10U * , «* M>I > at least in cortical bone. 
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ABSTRACT. This, study was designed to test the hypothesis 
that endocrine and pharmacological suppressors of bone turn- 
over prevent the development of osteopenia during estrogen 
deficiency. Sham-operated control and ovariectomized (OVX) 
rata were treated intermittently with vehicle alone, estrogen, or 
the diphosphonate compounds etidronate disodium (EHDP) and 
NE-58095 J2-(3-pyricjnyl)2-hydroxyBth^^ 
nate disodium] for 35 or 70 days after surgery. Their proximal 
tibiae were processed undecalcified for quantitative bone histo- 
morphometry. Vehicle-treated OVX rate were characterised hp 
HfinrwiRpd fj»np.ft11<fliq fope vohime and 3- to 4 -fold increases in 
osteohlast surface, osteoclast surface, bone formation rate, and 
bone resorption rate. Treatment of OVX rats with estrogen and 
NE-58095 provided complete protection against bone loss and 



significflntly depressed all of the above indices of bone turnover. 
UVA rats treated with EHDP exhibited at least partial protec- 
tion against bone loss and decreased bone turnover. EHDP 
induced a mild mineralization defect, as indicated by a prolonged 
mineralization lag time at the tibial endocoitical surface. The 
new diphosphonate compound NE-58095 did not impair bone 
mineralization. Our results indicate that endocrine and phar- 
macological suppressors of bone turnover prevent the develop- 
ment of osteopenia during the early stages of estrogen deficiency. 
If confirmed by clinical trials in humans, diphosphonate com- 
pounds may prove to be an alternative to estrogen for the 
. prevention of postmenopausal bone loss. {Endocrinology 125: 
810-810, 1989) 



BONE loss during the early stages of estrogen defi- 
ciency is clearly associated with increased bone 
turnover. This phenomenon has been detected in rats 
(1-6), dogs (7), baboons (S), and humans (9-13). There- 
fore, it seems logical to hypothesize that suppression of 
bone turnover in the early estrogen-deficient state would 
protect against the development of osteopenia. In sup- 
port of this hypothesis, the mechanism for estrogenic 
protection against postmenopausal bone loss has been 
shown to involve depressed bone turnover (10, 14). Es- 
trogen treatment also has a bone protective effect asso- 
ciated with decreased bone turnover in ovariectomized 
(OVX) rats (3, 5, 15). These findings suggest that other 
endocrine or pharmacological suppressors of bone turn- 
over may be useful for the prevention of postmenopausal 
bone loss. In this regard, diphosphonate compounds are 
of considerable interest due to their well documented 
suppressive effect on bone turnover (16-18). More spe- 
cifically, etidronate disodium (EHDP) was recently re- 
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ported to suppress bone turnover soon after surgical 
menopause in women (19). However, it remains to be 
established whether diphosphonate treatment of estro- 
gen-deficient women can maintain bone mass at premen- 
opausal or presurgery levels. Therefore, the purpose of 
the current study is to compare the therapeutic effects 
of estrogen and diphosphonate compounds on hone loss 
in the early estrogen-deficient state. In addition, the 
skeletal effects of an established diphosphonate com- 
pound (EHDP) are compared to those of a new, more 
potent diphosphonate compound (NE-58095). The OVX 
rat served as an animal model for this study. 

Materials and Methods 

The experimental animals were female Sprague-Dawley rats 
(Charles River Laboratory, Inc., Wilmington, MA) that were 
90 days of age and weighed an average of 240 g at the beginning 
of the study. All rats were anesthetized with an ip injection of 
ketemine hydrochloride and xylazine at doses of 50 and 10 mg/ 
kg BW, respectively. Bilateral ovariectomies were performed in 
half of the rats from a dorsal approach. The remainder were 
subjected to sham surgeries. The rats were divided into various 
groups based on treatment with estrogen, diphosphonate com- 
pounds, or vehicle alone. Estrogen treatments were performed 
with 170-estradiol (Sigma Chemical Co., St Louis, MO) dis- 
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solved in a vehicle of 95% corn oil and 5% benzyl alcohol. The 
diphoaphonate compounds (Norwich Eaton Pharmaceuticals, 
Inc., Norwich, NY) EHDP (ethane- l-hydroxy-1,1 -diphospho- 
nate) and NE-58095 [2-(3-pyridinyl)-2-hydroxyeth^idene-l,l- 
bisphosphonate disodium] were dissolved in a saline vehicle. 
Each of the following groups consisted of 20-24 OVX rats and 
20-24 sham-operated control rats. 

Vehicle 

Half of the OVX and control rats in this group were injected 
sc with the com oil-benzyl alcohol vehicle, while the remainder 
were injected sc with the saline vehicle. 

Estrogen 

All rats in this group were injected sc with 170-estradiol 6 
days/week at a dose of 10 Mg/kg BW. 

EHDP (regimen 1) 

Each rat in this group was injected sc with EHDP at a dose 
of 5 mg/kg BW. Treatments were performed daily for a 1-week 
period, foDowed by a 3-week period without treatment. This 
cycle was then repeated for the duration of the study. This 
regimen will be referred to below as the 1 week on, 3 weeks off 
regimen. 

EHDP (regimen 2) 

All rats in this group were injected sc with EHDP twice 
weekly at a dose of 5 mg/kg BW. 

NE-58095 

Each rat in this group was injected bc with NE-58095 at a 
dose of 5 Mg/kg BW according to the 1 week on, 3 weeks off 
regimen. 

All of the above treatments were initiated on the first day 
after surgery. The rats were housed individually at 25 C with a 
13-h, 11-h light/dark cycle. Food (Purina rat laboratory chow, 
Ralston-Purina, St Louis, MO) was available ad libitum to the 
sham-operated control rats. The food consumption of OVX rats 
was restricted to that of the control rats (pair-feeding) to 
minimize the increase in body weight associated with ovariec- 
tomy (20). Each rat was injected ip with demeclocycline (Led- 
erle Laboratories, Pearl River, NY) and calcein (Sigma) 14 and 
7 days before death, respectively. This regimen resulted in 
deposition of a double fluorochrome label at bone surfaces that 
were actively mineralizing throughout the injection period. 

Half of the OVX and control rats from each group were 
killed 35 days after surgery by exsanguination under ketamine/ 
xylazine anesthesia. The remainder were killed 70 days after 
surgery. In addition, a group of 10 baseline control rats was 
killed on the day of surgery (day 0). Success of ovariectomy 
was confirmed at necropsy by failure to detect ovarian tissue 
and by observation of marked atrophy of the uterine horns. 
The proximal tibiae were stripped of musculature and placed 
in 10% phosphate-buffered formalin for 24 h. The bone speci- 
mens were then dehydrated in ethanol and embedded undecal- 



cified in methyl methacrylate (21). Longitudinal sections (4 
thick) were cut with an AO Autocut/Jung 1150 microtome and 
stained according to the Von Kossa method with a tetrachrome 
counterstain (Polysciences, Inc, Warrington, PA). Bone meas- 
urements were performed in the proximal tibial metaphysis 
with the Bioquant Bone Morphometry Package (R & M Bio- 
metrics Corp., Nashville, TN). Cancellous bone areas and sur- 
face lengths were traced with a cursor on a Hipad digitizing 
tablet adjacent to a Nikon Labophot microscope. The light 
within the cursor can be visualized in the microscopic field 
when used in conjunctiop with a camera lucida. Raw data were 
stored in an Apple He microcomputer interfaced to the digitiz- 
ing tablet. Bone histomorphometric values were then calculated 
with Bioquant software. Cancellous bone volume (percentage) 
and osteoclast and osteoblast surfaces as percentages of the 
total cancellous surface length were measured in this manner. 
Bone measurements were performed in cancellous bone tissue 
at distances greater than 1 mm from the growth plate-meta- 
physeal junction to exclude the primary spongiosa. Additional 
details of the sample site and data calculations have been 
reported previously (1, 2). In general, two sections of the 
proximal tibia with about 40 mm cancellous bone perimeter 
were sampled in each control animal. The relative lack of bone 
spicules in OVX rate made it necessary to sample additional 
sections in these animals. Therefore, surface-based measure- 
ments were performed in three or more sections in each OVX 
rat to approximate the cancellous bone perimeter sampled in 
control rats. 

Fluorochrome-based indices of bone formation were me as- 
ured in unstained 10-*an thick sections of the proximal tibial 
metaphysis. The rate of longitudinal bone growth, percentage 
of cancellous bone surface with a double fluorochrome label 
(mineralizing surface), and mineral apposition rate were meas- 
ured with the Bioquant system described above. In addition, 
bone formation rate (tissue level, total surface referent) was 
calculated by multiplying mineralizing surface by mineral ap- 
position rate (22). Values for mineral apposition rate were not 
corrected for obliquity of the plane of Bection in cancellous 
bone (22). 

Measurement of cancellous bone volume and specific surface 
in the baseline control ATii'mAte allowed the calculation of bone 
balance (22). Bone resorption rate (tissue level, total surface 
referent) was determined by subtracting bone balance from 
bone formation rate (22) . 

The occurrence of osteoid in cancellous bone tissue of most 
groups of rats was minimal. However, a prominent osteoid 
geam was present along the endocortical surface of the proximal 
tibia in all animals. To evaluate the effect of diphoaphonate 
compounds on bone mineralization, osteoid seam width and 
mineral apposition rate were measured at 10 endocortical sites/ 
animal with the Bioquant system. Mineralization lag time at 
the tibial endocortical surface was determined by dividing 
osteoid seam width by mineral apposition rate (23). 

Data are expressed as the mean ± Sd for each group. Statis- 
tical differences among groups were evaluated with the Krus- 
kal-Wallis test (24). P < 0.05 was considered significant. 

Results 

All groups of rats gained substantial weight during the 
experiment, as their mean body weights increased from 




T80/fre0ia HXN30 HDHV3S3H N0SH30N3H 9*9Z SZS S06 XV3 WZT S002/M/e0 



812 



PREVENTION OF BONE LOSS IN OVARIECTOMIZED RATS 



240 g at surgery to 310-360 g 70 days postsurgery. Despite 
pair feeding, OVX rats in each treatment group weighed 
about 10% more than their corresponding controls. The 
exception was the estrogen-treated groups, in which the 
mean body weights of OVX and control rats were nearly 
identical. As previously observed (15), estrogen-treated 
OVX rate weighted about 12% less than vehicle-treated 
OVX rats (314.8 vs. 356.6 g; P < 0.05). On the other 
hand, the mean body weights of diphosphonate-treated 
OVX rats (340-360 g) were more Bimilar to the mean of 
vehicle-treated OVX rats (355.6 g), with no significant 
differences among the groups. 

Table 1 lists bone histomorphometric data in cancel- 
lous bone tissue of the proximal tibial metaphysis 35 
days after surgery. Vehicle-treated OVX rats were char- 
acterized by a marked decrease in cancellous bone volume 
and a 3- to 4-fold increase in osteoblast and osteoclast 
surfaces relative to those of vehicle-treated control rats. 
Bone formation rate and bone resorption rate were also 
increases by at least a factor of 4 in the vehicle-treated 
OVX animals. Although longitudinal bone growth tended 
to be increased by ovariectomy, statistical significance 
was not observed. Mineralization lag time at the tibial 
endocortical surface was not significantly different in 
vehicle-treated OVX and control rats. 

Estrogen treatment in OVX rats normalized cancel- 
lous bone volume and significantly decreased osteoblast 
surface, osteoclast surface, bone formation rate, and bone 
resorption rate relative to those in vehicle-treated OVX 
rats. Longitudinal bone growth was moderately sup- 
pressed in estrogen-treated OVX and control rats relative 



Etido-1888 
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to that in vehicle-treated OVX and control rats. Miner- 
alization lag time was minimally affected by estrogen 
treatment, with a slight prolongation in estrogen-treated 
control rats. 

OVX rats treated with EHDP according to the 1 week 
on, 3 weeks off regimen exhibited a normal cancellous 
bone volume. Osteoblast and osteoclast surfaces were not 
significantly different in these animals compared to those 
in vehicle-treated OVX rats, although a strong downward 
trend was observed in the former parameter. However, 
EHDP treatment of OVX and control rats markedly 
depressed both bone formation and bone resorption rate 
to levels below those in vehicle-treated OVX and control 
rats. Longitudinal bone growth was also moderately de- 
pressed by EHDP treatment. Absolute osteoid volume 
was 0.3 ± 0.2% in OVX rats treated according to this 
particular EHDP regimen. This value was significantly 
greater (P< 0.05) than the mean absolute osteoid volume 
in all other groups (<0.1%). OVX rats treated with the 
first EHDP regimen also had an increased mineralization 
lag time relative to vehicle-treated control and OVX rats. 

Cancellous bone volume in OVX rats treated with 
EHDP twice weekly was significantly greater than that 
in vehicle-treated OVX rats, but significantly less than 
that in vehicle-treated control rats. Although osteoclast 
surface was not decreased in OVX .rats by EHDP treat- 
ment, marked decreases were observed in osteoblast sur- 
face, bone formation rate, and bone resorption rate. 
Longitudinal bone growth was somewhat depressed in 
EHDP-treated OVX rats relative to that in vehicle- 
treated OVX rats. Treatment of OVX rats with EHDP 



Table 1. Bone histomorphometric data in the proximal tibial metaphysis 35 dayB postsurgery 



Control 
+ VEH 



OVX 
+ VEH 



Control 
+ EST 



OVX 
+ EST 



Control 
+ KH1 



OVX 
+ EH1 



Control 
+ EH2 



OVX 
+ EH2 



Control 
+ NE-5 



OVX 
+ NE-5 



Bone vol (%) 23.2 ± 6.8 s 7.3 ±3.0* 24.5±6,3 a 21.8 ±9.8* 30.9 ± 4.6** 21.6 ± 6.6° 27.1 ± 7.2° 13.6 ± 5.3** 32.8 ± 5.5** 34.3 ± 8 2** 

Osteoblast eur- 22 ± 2.3° 8.3 ±5.2* 2.5 ± 1.9 a 3.1*2.3* 0.4 ±0.3** 3.4 ± 2.7 1.1 ± 1.0' 1.6 ± 1.2* 0.1 ±01** 0.3 ±0 3** 
face(%) 

Osteoclast eur- 1.9 ±1.1* 6.8 ±2.1* 3.2 ±1.2** 3.2 ±1.0** 2.4 ± 1.4" 4.9 ± 2.3* 4.3 ±1.6* 7.7 ±4 3* 16 ±06* 30 ±13" 
face (96) 

Bone formation 11.1 ± 7.0° 46.0 ± 1L4* 6.8 ±4-3" 4.8 ±4.3** 0.8 ±1.1** 44 ±2.4** 1.6 ±1.2**" 2.8 ±15** 0 2±03** 33*3 7** 
rate(xi<r J ; 
f*m7#tfn a 'day) 

Bone resorption 11.0 ±7.1" 47.4 ±11.6* 6.6 ± 4.8* 5.1 ± 4.1"** 0.1 ±0.1** 4.5 ±2.0** 1.2 ±1,6** 3.7 ±16** 0l±0 3* 6 22±3 7** 
rate <X10 _a ; 
#un7pni a 'day) 

Longitudinal 32.7 ±6.0 39.9 ±6.4 26.2 ± 4.7* 6 22.6 ± 6.8** 20.4 ± 6.4** 27.6 ± 4.8" 27.0 ± 6.1** 32.2 ± 5.9* 24.2 ± 4.6** 36.2 ± 9.2 
bone growth 
(jxm/day) 

Mineralization 2.3 ±0.9 3.1 ± 1.2 3.4 ± 1.1* 3.6 ± 2.8 3.7 ± 1.4* 4.1 ±0.6** 2.9 ±0.7 3.8 ±0.8* 3.3 ±0.9* 3;1±0.7 
lag time 

(days) _ 

All values are the mean ± SD. Control and OVX rata were treated with vehicle alone (VEH), 17/3-estradiol (EST), EHDP according to the 1 
week on, 3 weeks off regimen (EHl), EHDP twice weekly (EH2), or NE-68095 (NE-5). 
fl Significantly different from vehicle-treated OVX value (P < 0.06). 
* Significantly different from vehicle- treated control value (P < 0.06). 
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twice weekly prolonged the mineralization lag time rel- 
ative to that in vehicle-treated control rats. 

OVX rats treated with NE-58095 according to the 1 
week on, 3 weeks off regimen were characterized by the 
following changes relative to vehicle-treated OVX rats: 
increased cancellous bone volume, decreased osteoblast 
and osteoclast surface, and decreased bone formation 
and bone resorption rates. Longitudinal bone growth and 
mineralization lag time were nearly identical in these 
groups. 

Differences in cancellous bone volume among rats of 
the various treatment groups are seen in Fig. 1. 

Bone histomorphometric data in cancellous bone tis- 
sue of the proximal tibial metaphysis 70 days after sur- 
gery are listed in Table 2. Bone volume remained mark* 
edly decreased in vehicle-treated OVX rats relative to 
that in vehicle-treated control rats. Although mean os- 
teoblast surface was increased by a factor of 4 in the 
former animals, statistical significance was not observed. 
Osteoclast surface remained significantly greater in ve- 
hicle-treated OVX rats 70 days postsurgery, but was not 
as highly elevated as at 35 days. Bone formation rate and 
bone resorption rate were both markedly increased in 
vehicle-treated OVX rats. Longitudinal bone growth and 
mineralization lag time at the tibial endocortical surface 
were not significantly different in vehicle-treated OVX 
and control rats. 

Treatment of OVX rats with estrogen or diphospho- 
nate compounds intermittently for 70 days had skeletal 
effects similar to those observed after 35 days of treat- 
ment. These effects include normalization of cancellous 
bone volume, decreases in most indices of bone turnover, 
and suppression of longitudinal bone growth. As observed 
at 35 days, treatment of OVX rats with both EHDP 
regimens did not decrease osteoclast surface, but, rather, 
decreased the bone resorption rate. In contrast to 
histomorphometric findings at 35 days, OVX rats treated 
with EHDP for 70 days according to the 1 week on, 3 
weeks off regimen exhibited decreased cancellous bone 
volume relative to vehicle-treated control rats, but still 
had a greater cancellous bone volume than vehicle- 
treated OVX rats. Conversely, cancellous bone volume 
in OVX rats treated twice weekly with EHDP was no 
longer significantly less than that in vehicle-treated con- 
trol rats. Mineralization lag time was not prolonged in 
EHDP-treated OVX rats at 70 days as it had been at 35 
days. 

Discussion 

The current study demonstrates that endocrine and 
pharmacological suppressors of bone turnover prevent 
the development of osteopenia in OVX rats. Previous 
studies have shown that the mechanism for the bone 




Fio. 1. Proximal tibial metaphyses 35 days postsurgery from control 
(A) and OVX (B) rats treated with vehicle alone, OVX rata treated 
with estrogen 6 days/week (C) or EHDP twice weekly (D), and OVX 
rata treated with EHDP (E) or NE-58095 (F) according to the 1 week 
on, 3 weeks off regimen. Note the marked loss of cancellous bone 
spicules in the vehicle- treated OVX animal and the preservation of 
these spicules in the estrogen-treated OVX animal. Treatment of OVX 
rats with EHDP twice weekly or with EHDP and NE-58095 according 
to Hie 1 week on, 3 weeks off regimen provided at least partial protection 
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Table 2. Bone histomorphometric data in the proximal tibial metaphysis 70 days postsurgery 



Ettdo»l989 



Control OVX 
+ VEH + VEH 



Control OVX Control OVX Control OVX Control OVX 
+ EST + EST + EH1 + BH1 + EH2 +EH2 + NE-6 + NE-5 



Bone vol (%) 28.1*6.2* 8.1 ±3.8* 26,7 ±6.0° 24.8 ± 9.9" 30.9 ± 7.0" 15.4 ± 4.5^ 31.7 ± 6.9 fl 21.4 ± 9.2° 39.7 ± 8.5"** 34.5 ± 7 2 C 

Osteoblast sui- 1.4 ±1.2 6.6 ± 4.2 0.7 ±0.9* 0.5 ±0£ a - 6 0.1 ± 0.1 - * 0.3±0.3 a - 6 0.1 ±0.1** 0.3 ±0.3** 0.1 ±0.1 a ** 0.2 ±0 2** 
face(%) 

Osteoclast sur- 2.8 ±1.4° 4.0 ± 1.1* 2.7 ± 1^° 2.2 ±0.7* 2.7 ± 2.0 fl 4.6 ± 1.2* 2.7 ± 1.3° 4.3+1.5* 2.9 ± 1.1 2.6±10 a 

Bone formation 2.9 ± 2.6 fl 25.3 ± 20.4* ©£±0.9** 1.2 ±1.6° 0.1 ± 0.1 a * 0.2 ±0.1*-* 0.1 ±0.1--* 0.7±0.7 B * 02 ±0 2° * 03 ±03° * 
rate <xl<r*; 
/un'/puk'-day) 

Bon© resorption 2.8 ± 2.8' 26.0 ± 20.4* 0.6 ± 0.8«-* 1.2 ± 1.7*- 6 0.0 ±0.0** 0.5 ± 0.2** 0.0 ±0.0*"* 0.8 ±0 9** 00±00° 01±03 a '* 
rate (xlO" 1 ; 
jcm 9 /pni s -day) 

Longitadinal bone 17.6 ± 3.4 18.8 ± 4.2 9.2 ± 2.7' * 8.7 ± 1.9** 11.7 ± 2.4** 14.7 ± 2.6 12.0 ± 3.2** 12.1 ± 4.0** 13.3 ± 4.6** 14.1 ± 3.9«- fc 
growth (^m/ 
day) 

Mineralization lag 3.5 ±0.8 3.9 ±1.6 2.0 ±1.1** 1.6 ±0.6''* 3.1 ± 0.8 2.4 ±0.6** 2.7 ±0.6 3.3 ± 1.5 2.6 ± 0.7** 3.5 ± 0.8 
time (days) 



All values are the mean ± so. See footnotes for Table 1 for a description of the groups. 
° Significantly different from vehicle-treated OVX value (P < 0.05). 
* Significantly different from vehicle-treated control value (P < 0.05). 



protective effect of estrogen treatment involves suppres- 
sion of bone turnover in estrogen-deficient women and 
rats (3, 10, 14, 15). Our histomorphometric results con- 
firm these findings and further indicate that diphospho- 
nate compounds have similar skeletal effects. EHDP 
provided at least partial protection against bone loss in 
OVX rats, whereas treatment of OVX rats with NE- 
58095 not only prevented bone loss, but increased can- 
cellous bone volume to levels greater than those in ve- 
hicle-treated control rats. Both diphosphonate com- 
pounds markedly depressed bone turnover. Although di- 
pbosphonates have been used in cyclical coherence 
therapies for potential restoration of lost bone mass in 
osteoporotic patients (25-27), clinical trials of these com- 
pounds for the prevention of bone loss,, specifically in 
the early postmenopausal period, have not yet been re- 
ported. Our results indicate that diphosphonate com- 
pounds should be considered for additional study as a 
preventive measure against bone loss soon after surgical 
or naturally occurring menopause. 

Although estrogen and diphosphonate compounds 
both depressed bone turnover in OVX rats, some subtle 
differences were detected in their mechanism of action. 
Estrogen treatment decreased osteoclast number and 
activity in OVX rats, as indicated by significant declines 
in osteoclast surface and bone resorption rate relative to 
those in vehicle-treated OVX rats. EHDP treatment did 

against cancellous bone loss. The osteopenic zone evident in the EHDP- 
treated OVX animal (E) corresponds to the 3 week off period An 
osteopenic tone is also present in the OVX rat treated with NE-68095 
CF)» but it is not as well defined as in the EHDP-treated OVX animal 
Von Kossa stain; magnification, X15. 



not decrease osteoclast number, but, rather, inhibited 
their activity. This finding is consistent with observa- 
tions by previous investigators in intact rats treated with 
EHDP (28-30). The skeletal effect? of NE-58095 are 
more similar to those of estrogen in that this new di- 
phosphonate compound depresses osteoclast number as 
well as activity in OVX rats. 

Impaired bone mineralization is a potentially delete- 
rious side-effect of high doses of certain diphosphonate 
compounds (28-30). In the current study, treatment reg- 
imens with EHDP and NE-58095 included a 3-week 
period without treatment in order to minimize the poten- 
tial for adverse skeletal side-effects. Nevertheless, EHDP 
induced a mild mineralization defect in animals treated 
for 35 days, according to the 1 week on, 3 weeks off 
regimen, as indicated by a prolonged mineralization lag 
time at the tibial endocortical surface. This parameter 
returned to normal after 70 days of EHDP treatment 
according t6 the. same regimen. However, this finding 
should not be interpreted to mean that the mineraliza- 
tion defect induced by EHDP occurs only during the 
early stages of treatment. In animals treated with EHDP 
for 35 days according to the regimen described above, 
diphosphonate treatment was performed for the final 7 
days before death. Conversely, animals treated with 
EHDP intermittently for 70 days were not administered 
EHDP during the final week of the study. Therefore, 
these latter animals may have had sufficient time to 
recover from an EHDP-induced mineralization defect 
before death. It is important to note that animals treated 
with EHDP twice weekly or with NE-58095 according to 
the 1 week on, 3 weeks off regimen exhibited minimal 
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signs of impaired bone mineralization. The new diphos- 
phonate NE-58095 is particularly impressive in that it 
provides complete protection against osteopenia in OVX 
rats without skeletal side-effects at a 1000-fold smaller 
dose than EHDP. 

The proximal tibial metaphysis of OVX rats treated 
with the first EHDP regimen exhibits a band-like pattern 
of cancellous bone spicules corresponding to the on and 
off periods. The most distal band of dense cancellous 
bone corresponds to the first week of EHDP treatment. 
The relatively osteopenic zone situated proximal to this 
band is coincident with the 3-week off period Finally, 
the area of dense cancellous bone immediately distal to 
the growth plate corresponds to the final week of EHDP 
treatment. OVX rats treated with NE-58095 exhibited a 
similar metaphyseal band-like pattern, but the osteo- 
penic zone was not as pronounced as in EHDP-treated 
OVX rats. This band-like pattern of metaphyseal can- 
cellous bone in diphosphonate-treated OVX rats is a 
consequence of longitudinal bone growth. The hew bone 
spicules left behind by the advancing growth plate during 
the 3-week off period were protected minimally by di- 
phosphonate treatment. Consequently, the great major- 
ity of these bone spicules were presumably resorbed by 
osteoclasts to create an osteopenic zone. It is important 
to note that such new bone spicules and the correspond- 
ing osteopenic zone would probably not be present in 
adult animals or humans with closed growth plates and 
the resultant cessation of longitudinal bone growth. 

The moderate suppression of longitudinal bone growth 
in estrogen-treated OVX rate suggests that the dose of 
the hormone was supraphysiologicaL Indices of bone 
turnover, such as bone formation and resoiption rates, 
were also decreased in estrogen-treated OVX rats relative 
to those in vehicle-treated control rats. In our previous 
study (15), estrogen treatment consisted of daily injec- 
tions at a dose of 10 /ig/kg BW. Since this dose and 
regimen depressed longitudinal bone growth, estrogen 
treatment was reduced to 5 days/week at the same dose 
in the current study. Although the suppressive effect of 
estrogen on longitudinal bone growth was lessened, the 
persistence of this effect in the current study indicates 
that estrogen can be used at a lower dose or administered 
more intermittently to OVX rats to achieve physiological 
skeletal effects. 

Although the skeletal effects of estrogen deficiency 
and hormone replacement are qualitatively similar in 
rats and humans (15, 31), caution should be exercised in 
extrapolating data derived from a growing skeleton to 
adult bone. For example, longitudinal bone growth in 
rats is a complicating variable. One should consider 
whether the suppressive effect of estrogen and EHDP on 
longitudinal bone growth in OVX rats may have pre- 
served cancellous bone mass. Frost (32) has stated that 



decreased longitudinal bone growth would result in a. 
lower, rather than greater, cancellous bone volume. In 
the current study intermittent treatment of OVX rats 
with NE-58095 for 35 days protected against osteopenia 
without affecting longitudinal bone growth. Therefore, 
we consider it unlikely that partial inhibition of longi- 
tudinal bone growth by estrogen and EHDP would pre- 
vent the development of osteopenia in OVX rats. 

In summary, the current study demonstrates that 
suppression of bone turnover prevents the development 
of osteopenia during estrogen deficiency. Estrogen and 
the diphosphonate compounds EHDP and NE-58095 
were found to be protective against bone loss in OVX 
rats, with a similar mechanism of action, ie. suppression 
of bone turnover. These findings suggest that diphospho- 
nate compounds may prove to be an alternative to estro- 
gen for the maintenance of postmenopausal bone mass. 
In view of the qualitative similarities between rats and 
humans in their skeletal responses to estrogen deficiency, 
hormone replacement, and diphosphonates, the OVX rat 
may be an appropriate animal model for the initial 
preclinical evaluation of new therapies designed to pre- 
vent postmenopausal bone loss. 
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Abstract 

Interleukin-1 (IL-1), a cytokine produced by bone marrow 
cells and bone cells, has been implicated in the pathogenesis of 
postmenopausal osteoporosis because of its potent stimulatory 
effects on bone resorption in vitro and in vivo. To investigate 
whether IL-1 plays a direct causal role in post ovariectomy 
bone loss, 6-mo-oId ovariectomized rats were treated with sub- 
cutaneous infusions of IL-1 receptor antagonist ( IL-1 ra), a spe- 
cific competitor of IL-1, for 4 wit, beginning either at the time of 
surgery or 4 wk after ovariectomy. The bone density of the 
distal femur was measured non invasively by dual-energy X-ray 
absorptiometry. Bone turnover was assessed by bone histomor- 
phometry and by measuring serum osteocalcin, a marker of 
bone formation, and the urinary excretion of pyridinoline cross- 
links, a marker of bone resorption. Ovariectomy caused a rapid 
increase in bone turnover and a marked decrease in bone den- 
sity which were blocked by treatment with 170 estradiol. Ovar- 
iectomy also increased the production of IL-1 from cultured 
bone marrow cells. Ovariectomy induced bone loss was signifi- 
cantly decreased by IL-lra treatment started at the time of 
ovariectomy and completely blocked by IL-lra treatment be- 
gun 4 wk after ovariectomy. In both studies IL-lra also de- 
creased bone resorption in a manner similar to estrogen, while 
it had no effect on bone formation. In contrast, treatment with 
IL-lra had no effect on the bone density and the bone turnover 
of sham-operated rats, indicating that IL-lra specifically 
blocked estrogen-dependent bone loss. In conclusion, these 
data indicate that IL-1, or mediators induced by IL-1, play an 
important causal role in the mechanism by which ovariectomy 
induces bone loss in rats, especially following the immediate 
post ovariectomy period. (/. Clin. Invest. 1994. 93:1959- 
1967.) Key words: interleukin-1 receptor antagonist 'osteoporo- 
sis • cytokines • estrogen, interleukin-1 

Introduction 

Postmenopausal osteoporosis is a disorder characterized by a 
progressive loss of bone tissue which begins after natural or 
surgical menopause and leads to the occurrence of spontane- 
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ous fractures ( 1 ). Although the causal role of estrogen defi- 
ciency in this condition is well established (2-4), the mecha- 
nism by which estrogen prevents bone loss is still conjectural at 
best. One such mechanism may be a modulatory effect on the 
secretion of factors that are produced in the bone microen viron- 
ment and influence bone remodeling ( 5 ) . Among them is IL-1 , 
a family of cytokines (6) best known for its involvement in 
inflammation and wound healing (7, 8), which is also recog- 
nized for its effects on bone remodeling. IL- 1 stimulates bone 
resorption in vitro (9, 10) and in vivo ( 1 1, 12) and induces 
hypercalcemia when injected into normal mice ( 1 3 ) by stimu- 
lating the activity of mature osteoclasts ( 14) and the differen- 
tiation of osteoclast precursors (15). Studies have also shown 
that IL- 1 inhibits bone formation in vitro (16) and in vivo (17) 
and induces bone cells to secrete several cytokines such as IL~6 
(18), TNFa ( 1 5 ) , and M-CSF ( 1 9 ) , which regulate the prolifer- 
ation of osteoclast precursor cells and their differentiation into 
active osteoclasts. 

A role for IL-1 in postmenopausal bone loss is supported by 
recent studies showing that the expression of IL-1 mRNA is 
increased in bone cells from postmenopausal women (20) and 
by previous observations from us (21, 22) and others (23, 24) 
demonstrating that both natural and surgical menopause are 
associated with an increased production of IL-1 bioactivity 
from cultured monocytes that is blocked by estrogen replace- 
ment. However, the relevance of these findings with respect to 
the mechanism by which estrogen prevents bone loss has been 
difficult to elucidate, because estrogen regulates the production 
of several cytokines with overlapping effects on bone remodel- 
ing (25, 26). 

Recently, a specific human IL-1 receptor antagonist (IL- 
lra) 1 has been cloned and expressed in Escherichia coli with 
production of a recombinant 17-kD protein which shares 26% 
sequence homology with IH0 (27, 28). IL-lra binds to IL-1 
receptors and competes with both IL-1 a and IL-10 without 
detectable IL-1 agonistic effects (29, 30). Human IL-lra has 
provided a tool for blocking the effects of IL- 1 in several rat cell 
types ( 3 1 , 32 ) including bone cells ( 33 ) and to investigate the 
role of IL-1 in many diseases (34). 

We have now assessed the effects of IL- 1 ra on bone mineral 
density (BMD) and bone turnover in ovariectomized rats to 
investigate the role of IL-1 in the bone loss caused by estrogen 
deficiency. 

Methods 

Study protocol. Two experiments were conducted in 6-mo-old nullipa- 
rous rats (Harlan Sprague-Dawley, Inc., Madison, WI) subjected to 



1. Abbreviations used in this paper: BMD, bone mineral density; IL- 
Ira, IL-1 receptor antagonist; TBV, trabecular bone volume. 
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either dorsal ovariectomy or sham operation under general anesthesia. 
In each study ovariectomized animals were treated for 4 wk with contin- 
uous subcutaneous infusions of either IL-lra (Synergen Inc., Boulder, 
CO), IL-lra vehicle, BSA, or 10 ng/kg body wt per d 17/3 estradiol. 
Sham-operated animals were treated for 4 wk with IL-lra, BSA, or 
control vehicle. In study 1, treatments were started at the time of sur- 
gery. In this study ovariectomized rats were treated with either 0.4, 2, or 
10 mg/kg body wt per d of IMra or 2 mg/kg body wt per d, BSA. 
Sham-operated rats were treated with 10 mg/kg body wt per d of IL- 1 ra 
or 10 mg/kg body wt per d BSA. In study 2, treatments were started 4 
wk after surgery and the doses of IL- 1 ra and BSA were 2.0 mg/kg body 
wt per d for both the ovariectomized and the sham-operated rats. All 
treatments were delivered by implanting Alzet osmotic pumps (Alza 
Inc., Palo Alto, CA ) in a dorsal subcutaneous pocket at time 0 and 2 wk 
of treatment. Alzet 2002 pumps were used to deliver IL-lra at the dose 
of 0.4 and 2.0 mg/kg body wt per d, BSA at 2.0 mg/kg body wt per d, 
170-estradiol, or IL-lra suspension vehicle. Alzet 2ML2 pumps were 
used to deliver IL- 1 ra and BSA at 1 0 mg/kg body wt per d. None of the 
rats exhibited evidence of infectious disease, impaired growth, immuno- 
suppression, or other side effects caused by the IL-lra treatment. In a 
10-d observation period preceding surgery, the ad lib. food consump- 
tion (regular rat Chow, Ralston Purina Co., St. Louis, MO) was 1 7 g/d. 
After surgery all rats were fed this amount of food in order to prevent 
unequal weight changes in the ovariectomized and sham-operated rats. 
Both at baseline and at the end of each study there were no differences 
in body weight between the ovariectomized and the sham-operated 
animals, nor between treatment groups (data not shown). 

This protocol was approved by the Animal Care and Use Commit- 
tee of the Jewish Hospital of St. Louis. 

Bone density measurements. The BMD of the distal femur, an area 
rich in trabecular bone, was measured noninvasively in anesthetized 
rats by dual-energy X-ray absorptiometry ( 35 ) with a model QDR- 
1000 densitometer (Hologic Inc., Waltham, MA) using a dedicated 
software for small animal measurements and a 2-mm collimator. This 
technique provides an integrated measure of both cortical and trabecu- 
lar bone. In independent studies ( 35 ) the precision and the accuracy in 
vivo of this technique were determined by performing multiple mea- 
surements of the same rat and comparing BMD values with direct ash 
weight (cortical + trabecular bone) measurements of the femur. In 
these studies the precision and the accuracy in vivo of this technique 
were 1.2% and 89.0%, respectively. 

Bone histomorphometry. Quantitative bone histomorphometric 
analysis of the metaphysis of the distal femur and of the tibial diaphysis 
was carried out in specimens obtained at the end of experiment 2, 
according to the methods of Baron et al. (36) and Turner et al. (37), 
respectively. Specimens obtained from an additional group of un- 
treated rats killed 4 wk after ovariectomy were also analyzed. At 9 and 2 
d before the rats were killed they were injected i.p. with 20 mg/kg body 
wt oxytetracycline hydrochloride (Pfizer Inc., Brooklyn, NY). The 
bone specimens were defleshed, fixed in Millonig's fixative, dehydrated 
in acetone, and embedded undecalcified in methyl methacrylate. Lon- 
gitudinal sections (4 /xm thick) at a depth of one third to one half the 
thickness of each bone were prepared from the distal femur and stained 
with a modified Masson-Goldner trichrome. The region examined in 
the femur was that extending from 1.0 to 1.9 mm from the epiphyseal 
growth plate and 250 fim from the endocortical surface. Trabecular 
bone volume ( TBV ) , osteoclast surface ( the percentage of bone surface 
covered by osteoclasts), osteoclast number per millimeter of bone sur- 
face, osteoid surface (the percentage of surface covered by osteoid), 
and osteoid thickness were measured in the stained sections. Dynamic 
(tetracycline-based) indices of bone formation were then measured on 
unstained sections as described (38). 

For cortical bone analysis, cross sections 200 nm thick were cut 
from the tibial diaphysis 1 5 mm from the proximal end using an Isomet 
low speed saw with a diamond wafer blade. The sections were ground 
to a thickness of 20-25 and mounted unstained on glass slides for 
analysis of the percent labeled endocortical and periosteal surfaces 
under ultraviolet light (38). Under transmitted light the same sections 



were used to quantify marrow area (the area within the endosteal sur- 
face of the specimen), cross-sectional bone area (the area within the 
periosteal surface of the specimen), cortical bone area (the area deter- 
mined by subtracting marrow area from the cross-sectional area), and 
cortical thickness. All measurements were performed using a Bioquant 
Morphometry System (R&M Biometrics, Inc., Nashville, TN). 

Pyridinoline crosslinks assay. The urinary excretion of pyridino- 
line crosslinks, a marker of bone resorption ( 39, 40), was measured 2 
and 4 wk after surgery in urine samples collected between 2:00 and 6:00 
p.m. using an ELISA kit developed by Metra Biosystems (Palo Alto, 
CA) (41 ). Briefly, a 10-/xl urine sample and 150 til of rabbit antipyri- 
dinoline antiserum were added to a pyridinoline-coated microplate 
and incubated overnight. After the plates were washed with PBS, 1 50 n\ 
of goat anti-rabbit IgG alkaline phosphatase conjugate was added to 
each well. The unbound conjugate was then removed by washing and 
the enzyme activity measured photometrically by adding an enzyme 
substrate and using a microplate reader at 405 nM. Results were ex- 
pressed as nanomoles per millimole of urinary creatinine, as measured 
by a standard colorimetric technique. The intra- and the interassay 
variation of this method are < 9% and < 15%, respectively (42). 

Osteocalcin assay. Serum osteocalcin, a marker of bone formation 
(43), was measured 2 and 4 wk after surgery with a previously de- 
scribed radioimmunoassay method which makes use of an antibody 
highly specific for rat osteocalcin (44). The sensitivity of this assay is 10 
pg/ml. All reagents were purchased from Biomedical Technologies Inc. 
(Stoughton, MA). 

IL-lra assay. Serum levels of IL-lra were measured at 2 and 4 wk 
of treatment using a specific ELISA recently described ( 45 ) . The sensi- 
tivity of this assay is 8 pg/ml. 

Cells cultures and IL-I assay. To investigate the effect of ovariec- 
tomy on the production of 1L-1 from bone marrow cells, additional 
groups of untreated 6-mo-old rats were subjected to ovariectomy or 
sham operation as described above and killed 2 and 8 wk after surgery. 
At sacrifice, femora were removed and dissected free of adherent tissue, 
the bone ends were cut across the ephiphyses and the bone marrow 
cavity flushed with RPMI 1640 tissue culture medium supplemented 
with 10 U/ml heparin and 1 Mg/ml DNAase. The bone marrow was 
fractionated on Ficoll Hypaque to prepare mononuclear cell cultures as 
described ( 2 1 , 22 ) . The bone marrow mononuclear cells were seeded at 
5X10* cells/ml and cultured for 24 h with or without the addition of 
100 pg/ml LPS. 11^ 1 bioactivity was measured in the 24-h culture 
media of the bone marrow mononuclear cells by assessing the incre- 
ment in mitogen-induced proliferation of the helper T cell D10.G4.1 
( D 1 0 cells ) as previously described ( 2 1 , 22 ) . D 1 0 cell proliferation was 
converted to arbitrary units per milliliter of IL- 1 activity by performing 
a log-logit transformation of the serial dilution curves and determining 
the dilution of the test sample that yielded a value corresponding to 
50% of the standard IL- 1 maximum activity. The standard IL- 1 activity 
was arbitrarily set at 100 U/ml. The nature of the assayed material was 
confirmed as IL-1 by demonstrating inhibition of the conditioned me- 
dium effect on the D10 cell proliferation in the presence of 50 ng/ml 
IL-lra. 

Assessment of serum neutralization activity. The presence of biolog- 
ically active IL-lra in the serum of IL- lra-treated rats was determined 
by assessing the serum obtained from ovariectomized rats at the end of 
the 4-wk-long IL-lra treatment against IL-10 augmentation of mito- 
gen-induced proliferation of D 10 cells. Rat sera ( 1 2.5 ?\ ) or IL- 1 ra ( 2.5 
ng) were serially diluted ( 1 :2 ) and added to D 1 0 cells seeded in 96-well 
plates. Recombinant human IL- 1/3 (7.5 pg) was then added to each 
well. This concentration of IL-1 0 was selected because it induces 50% 
maximal augmentation in the D10 cell proliferation assay. At the end 
of a 3-d culture period the D10 cell proliferation was measured as 
described above. Results were expressed as percent inhibition of D10 
cell proliferation. 

Statistical analysis. The effect of surgery and treatment on BMD 
was assessed by using analysis of variance for repeated measures. Sub- 
sequent multiple comparison tests were performed by using the Fisher 
protected LSD test. Group mean values were compared by two-tailed 
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Table I. Effect of Ovariectomy and Sham Operation on the Secretion of IL-1 Bioactivity from Bone Marrow Mononuclear Cells 



2 weeks 
after surgery 



8 weeks 
after surgery 



Sham 
operated 
(«-7) 



Ovx 



Sham 
operated 
(«-7) 



Ovx 
(»-7) 



No LPS 
No IL-lra 

No LPS 

IL-Ira (50 ng/ml) 

LPS(100pg/ml) 
No IL-Ira 

LPS(100pg/ml) 
+ IL-lra (50 ng/ml) 



2.3±0.4 



0.01 ±0.01* 



ll.i±1.3 



0.0 1 ±0.0 1 1 



U/mt 



24.5±3.1* 



0.0 1 ±0.01* 



68.0±10.5* 



0.01±0.01* 



3.2±0.3 



0.01 ±0.01* 



5.2±0.4 



0.0 1 ±0.01* 



42.7±4.3* 



0.01 ±0.01* 



93.5±10.4* 



0.01 ±0.01* 



6-mo-old untreated rats were subjected to either ovariectomy (Ovx) or sham operation. 2 or 8 weeks after surgery bone marrow mononuclear cells 
were isolated as described in Methods and cultured with and without LPS for 24 h. IL-1 bioactivity was measured in the culture medium with 
the D10 cell bioassay with and without SO ng/ml recombinant IL-lra, as described in Methods. The nature of the assayed material was confirmed 
as IL-1 by demonstrating inhibition of the conditioned medium effect on the DI0 cell proliferation in the presence of recombinant IL-lra. 
Val ues are ±SEM. * P < 0.05 and * P < 0.0 1 compared to the corresponding group of sham-operated rats. * P < 0.0 1 compared to all other groups. 



Student's t test, or one-way analysis of variance and Fisher protected 
LSD test, as appropriate. 

Results 

Ovariectomy increases the secretion of IL-1 from cultured bone 
marrow cells. Mononuclear cells cultured for 24 h in polysty- 
rene plates with ordinary tissue culture media (which contains 
small amounts of LPS) express IL-1 mRNA and secrete small 
quantities of IL-1 (46, 47). In accordance with these published 
data, bone marrow cells from untreated sham-operated rats 
were found to secrete measurable amounts of IL-1 bioactivity 
into the 24-h culture medium (Table I). When further stimu- 
lated with the addition of 100 pg/ml LPS, bone marrow cells 
secreted higher amounts of IL-1 bioactivity which was neutral- 
ized by the addition of IL-lra to the assay system. 2 and 8 wk 
after surgery bone marrow mononuclear cells from ovariecto- 
mized rats produced higher amounts of IL-1 bioactivity than 
the corresponding cells obtained from sham-operated animals 
rats (Table I). 

Serum from IL~ Ira-treated rats neutralizes IL-lff in vitro. 
IL-lra, as measured by a specific ELISA, was not detectable in 
the serum of rats treated either with vehicle or estrogen. In 
contrast, rats treated with 2 mg/kg body wt per d IL-lra had 
serum IL-lra levels of 160.6±8.6 ng/ml at 2 wk of treatment 
and 2 1 3.4± 14.9 ng/ml at 4 wk. When tested in a proliferation 
neutralization assay, the serum of rats treated with IL- 1 ra for 4 
wk inhibited IL- 1 ^-induced augmentation of D 10 cells prolifer- 
ation in a manner similar to fresh recombinant IL- 1 ra ( Fig. 1 ) . 
In these experiments parallel and dose-responsive inhibition 
curves of IL-1 -induced augmentation of D10 cell proliferation 
were obtained with IL-lra and serum from IL-lra- treated rats. 
The sample dilution containing either 3 pi of serum (0.64 ng of 
IL-lra by ELISA) or 0.5 ng of fresh IL-lra per well inhibited 
about 50% of the IL- 1 0-induced augmentation of proliferation. 
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DILUTION (log^) 

Figure L Effect of serum from IL- lra-treated rats on 11^10-induced 
augmentation of D10 cell proliferation (mean±SEM). Sera (12.5 **1) 
obtained at the end of the treatment period from 1 4 ovariectomized 
rats treated with either IL-lra (n = 7) or vehicle (n = 7 ) or fresh IL- 
lra (2.5 ng) (n = 4) were serially diluted (1:2) and added to D10 
cells seeded in triplicate in 96-well plates. Recombinant human IL-10 
(7.5 pg) was then added to each well. D10 cell proliferation was 
measured after a 3-d incubation, as described in Methods. Results 
(mean of three experiments) are expressed as percent inhibition of 
D10 cell proliferation. *P < 0.05, **P < 0.005, and ***P < 0.0001 
compared to the other two groups. 
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These amounts of IL-Ira were ~ 85 and 67 times the concen- 
tration of IL-10 used to stimulate the D 10 cells, respectively. 
Serum from vehicle-treated rats had no effect on IL-10- 
induced augmentation of proliferation. These findings demon- 
strate that a 4-wk treatment with human IL- 1 ra did not induce 
the formation of rat anti-human IL-Ira antibodies in an 
amount capable of blocking the biological effects of IL-lra. 

Effect oflL-lra treatment on BMD. Fig. 2 shows the effect 
of IL-lra treatment on BMD in ovariectomized rats. During 
the treatment phase of study 1 (Fig. 2 A) BMD decreased rap- 
idly in BSA or vehicle-treated ovariectomized rats whereas no 
significant changes in BMD occurred in groups treated with 
170-estradiol. In this study rats were treated with three doses of 
IL-lra. The lowest dose of IL-lra (0.4 mg/kg body wt per d) 
was ineffective, as the changes in BMD in this group and in the 
control groups were similar. In contrast, 2 and 10 mg/kg body 
wt per d of IL-lra were both effective, as the bone loss in these 
groups was lower (P < 0.05) than in either the vehicle or the 
BSA groups. Interestingly, the response to IL-lra was more 
pronounced in the second 2 wk of treatment than in the first 2 
wk. In fact, the change in BMD between the second and the 
fourth week of IL-lra treatment was not significant. 

In the pretreatment phase of study 2 (Fig. 2 B) BMD de- 
creased significantly in all groups of ovariectomized rats. Dur- 
ing the treatment phase of this study BMD continued to de- 
crease rapidly in rats treated with BSA or vehicle alone whereas 
no additional bone loss occurred in the estrogen-treated rats. In 
study 2, IL-lra completely arrested ovariectomy-induced bone 
loss. As a result, during the treatment period of this study there 
was no significant bone loss in either the IL-lra or the estrogen 
treated rats (P < 0.05 compared to the vehicle or the BSA 
groups for both the estrogen and IL-lra groups) and the BMD 
values at the end of the study were similar in the IL- 1 ra and the 
estrogen groups. 

Table II shows the effect of IL- 1 ra treatment in sham-oper- 
ated animals. In each of the two studies a small, nonsignificant 
decrease in BMD was observed over time in all groups of sham- 
operated animals. These changes were similar in the vehicle, 
the BSA and the IL- 1 ra groups, a finding indicating that IL- 1 ra 
specifically prevents the bone loss associated with ovariectomy. 

At the end of each study the weight of the uterus was lower 
in ovariectomized rats treated with vehicle or IL-lra than in 
ovariectomized rats treated with estrogen or sham-operated 
rats treated with either vehicle or IL-lra. In contrast, no differ- 
ence in uterine weight was found between estrogen treated 
ovariectomized rats and sham-operated rats (data not shown). 
These findings demonstrate the efficacy of the ovariectomy 
and suggest that IL-lra has no estrogen-like effects. 

Effect of IL-lra treatment on bone histomorphometry. In a 
preliminary study we determined that in rats of 6 mo of age, 8 
wk are required for ovariectomy to induce a significant de- 
crease in TBV, as assessed by histomorphometric analysis of 
distal femur metaphysis. For this reason, bone histomorpho- 
metry was used to analyze the effects of IL- 1 ra on bone volume 
and bone turnover in the femur metaphysis and tibial diaphysis 
of rats treated between weeks 4 and 8 after surgery (experiment 
2). Specimens from an additional group of untreated rats killed 
4 wk after ovariectomy were also analyzed and used as addi- 
tional (baseline) controls. Moreover, since bone densitometry 
showed that ovariectomy causes a similar bone loss in rats 
treated with vehicle and BSA, quantification of histomorpho- 
metric indices was not performed in rats treated with BSA. 




WEEKS 

Figure 2. Effect of IL-Ira treatment on distal femur BMD 
(mean±SEM). Results are expressed as percent change from baseline. 
In experiment 1 (panel A) treatments were started at the time of 
ovariectomy. In study 2 (panel B) treatments were started 4 wk after 
ovariectomy. Analysis by ANOVA for repeated measures and multi- 
ple range tests ( Fisher protected LSD test ) showed that at the end of 
each study ovariectomized rats treated with 2 mg/kg body wt per d 
IL-lra (• ) {A and B) or 10 mg/kg body wt per d IMra (©) {A ) had 
a smaller decrease ( *P < 0.05 ) in BMD than rats treated with IU 1 ra 
vehicle (■) or BSA (0 ), whereas those treated with 0.4 mg/body wt 
per d IL-lra {*)(A) had not. At the end of study 1 (A) the Il^lra 
and estrogen groups (a) were also significantly different (**P 
< 0.05). In study 2 (B) there was no difference between the Il^lra 
and the estrogen group at both 2 and 4 wk of treatment. Each treat- 
ment group consisted of a similar number of rats. Value n represents 
the total number of rats which completed the corresponding experi- 
ment and which were subjected to BMD measurements at each time 
point. The baseline BMD values ( 100%) were as foUows: experiment 
1: vehicle, 298±3.4 mg/cm 2 ; BSA, 299±3.7 mg/cm 2 ; 0.4 mg/body 
wt per d IL-lra, 294.9±3.4 mg/cm 2 ; 2 mg/kg body wt per d IL-lra, 
293.1±3.1 mg/cm 2 ; 10 mg/body wt per d IHra, 298.5±3.4 mg/ 
cm 3 ; estrogen, 296.6±3.4 mg/cm 2 . Experiment 2: vehicle, 300.3±3.0 
mg/cm 2 ; BSA, 299±3.2 mg/cm 2 ; 2 mg/kg body wt per d IL-lra, 
297.9±2.4 mg/cm 2 ; estrogen, 296.1 ±3.4 mg/cm 2 . 
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Table II. Effect of I L- Ira Treatment on Distal Femur BMD (Percent Change from Baseline) in Sham-operated Rats 



Study t : treatment started at surgery Study 2: treatment started 4 weeks after surgery 







(n - 27) 






(n-30) 






BMD before 


BMD at 2 wit 


BMD at 4 wk 


BMD before 


BMD at 2 wk 


BMD at 4 wk 


Group 


surgery 


of treatment 


of treatment 


surgery 


of treatment 


of treatment 




mg/cm 1 


% change 




mg/cm 3 


% change 




BSA 


294.9±4.1 


-0.7±0.7 


-3.8±0.4 


30I.1±3.7 


-2.3±0.9 


-2.6±0.8 


Vehicle 


295.8±4.5 


-1.7±1.3 


-3.4±0.8 


300.2±3.8 


-3.6±1.4 


-2.4±0.8 


IL-lra 


294.4+3.9 


-1.2±1.4 


-3.4±0.5 


297.7±4.4 


-3.6±0.5 


-3.6±0.5 



Sham operation did not cause significant BMD changes in either of the two experiments. There were no significant differences between the ve- 
hicle-, and BSA-, and the IL-lra- treated sham-operated rats. All experimental procedures and statistical analysis were conducted as described 
in Fig. 2. In study 1 rats were treated with 10 mg/kg body wt per d IL-lra, 10 mg/kg body wt per d BSA, or IL-lra vehicle. In study 2, rats were 
treated with 2 mg/body wt per d IL-lra, 2 mg/kg body wt per d BSA or IL-lra vehicle. Values are ±SEM. 



During the second month after ovariectomy TBV de- 
creased at a low rate in the vehicle-treated ovariectomized rats. 
As a result, the difference in TBV between baseline controls 
(killed at week 4) and the vehicle group (killed at week 8) 
slightly miss significancy (P - 0.058) (Fig. 3 A), However, at 
week 8 the vehicle-treated ovariectomized rats had a lower 
TBV than both the vehicle and the IL- lra-treated sham rats. 
These findings indicate that ovariectomy induced a significant 
loss of trabecular bone and that a large part of this loss occurred 
in the first 4 wk after ovariectomy. Estrogen was effective in 
preventing TBV loss during the treatment period, as indicated 
by the finding of a similar TBV in the estrogen-treated rats and 
the baseline control group. However, because of the small TBV 
loss in the vehicle group between weeks 4 and 8, at the end of 
the study TBV was not significantly higher in the estrogen 
group than in the vehicle group. Treatment with IL-lra was 
also effective in preventing trabecular bone loss during the sec- 
ond month after ovariectomy, as demonstrated by the finding 
of a higher TBV in the IL- 1 ra-treated group than in the baseline 
control group. Although this difference was not significant, as a 
result of the increase in TBV induced by IL- 1 ra between weeks 
4 and 8, at the end of the study TBV was significantly higher in 
the IL-lra group than in the vehicle-treated rats. Taken all 
together, these data suggest that IL-lra was more potent than 
estrogen in preventing trabecular bone loss between weeks 4 
and 8. 

In vehicle-treated rats, ovariectomy was also associated 
with a significant increase in osteoclast number (Fig. 3 B) and 
osteoclast covered surfaces (Fig. 3 C). The lack of a difference 
between the vehicle group and the baseline controls indicate 
that bone resorption increased mainly during the first 4 wk 
after ovariectomy. The increase in these two indices of bone 
resorption was equally prevented by either IL- 1 ra or estrogen. 
IL-lra had no effect on TBV and indices of bone resorption in 
sham-operated rats. 

The effect of IL- 1 ra on trabecular bone formation was eval- 
uated by measuring static and dynamic (tetracycline-based) 
indices. Although metaphyseal endocortical surfaces showed 
an amount of double-labeled surfaces sufficient for precise 
quantification of dynamic indices of bone formation, < 0.5% 
of the metaphyseal trabecular surface utilized for the histomor- 
phometric analysis exhibited double-tetracycline labeling, a 
finding consistent with a low rate of trabecular bone formation. 



Although the small amount of double-labeled surfaces pre- 
vented a precise estimation of the rate of bone formation, the 
mineralized surface corresponded to the osteoid surface and 
estrogen, but not IL-1 ra or vehicle, appeared to decrease tetra- 
cycline-Iabeled trabecular surface (not shown). Analysis of 
static indices of bone formation showed that in sham-operated 
rats the amount of osteoid surface and the osteoid thickness 
were small (Table III) in both the vehicle and IL-lra treated 
rats. These findings are similar to those of Wronski et al. (48) 
and confirm that in aged rats bone formation takes place at a 
low rate. Although both indices increased slightly after ovariec- 
tomy, the differences were not significant. Moreover, neither 
IL-lra nor estrogen treatment induced significant changes in 
these indices. 

Analysis of cortical bone (Table IV) by histomorphometry 
of tibial diaphysis harvested at week 8 revealed that ovariec- 
tomy had no significant effects on cortical bone area, cortical 
thickness, marrow area, and cross-sectional area. Moreover, 
although the finding of a small amount of double-labeled sur- 
faces prevented us from accurately measuring endosteal and 
periosteal bone formation rate, there was sufficient single label- 
ing to accurately measure the percentage of labeled surface, a 
dynamic index of bone formation. We found that ovariectomy 
caused a significant increase in endosteal and periosteal labeled 
surfaces. Estrogen treatment between weeks 4 and 8 had no 
effect on static indices of bone and marrow areas. However, 
estrogen treatment induced a significant decrease in periosteal 
but not endosteal labeled surfaces. In contrast, IL-lra had no 
effect on both static and dynamic indices. 

Effect oflL'Ira treatment on urinary excretion ofpyridino- 
line crosslinks and blood osteocalcin levels. Bone turnover is 
known to increase rapidly in response to estrogen withdrawal 
in both humans and rats (43). Therefore, in order to investi- 
gate the effects of IL- 1 ra on the early changes in bone turnover 
induced by ovariectomy, the urinary excretion of pyridinoline 
crosslinks, a marker of bone resorption ( 39, 40 ) , and the serum 
levels of osteocalcin, a marker of bone formation (43), were 
measured 2 and 4 wk after ovariectomy. At 2 wk after surgery, 
pyridinoline crosslink excretion and serum osteocalcin were 
both significantly higher in ovariectomized rats treated with 
vehicle than in sham-operated rats (Figs. 4 and 5). At 4 wk 
both indices were higher (P < 0.05) than at 2 wk, indicating 
that bone turnover continued to increase during the first 
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Figure 3. Effect of IL-lra treatment (mean±SEM) on TBV and his- 
tomorpbometric indices of bone resorption. Rats treated with either 
vehicle, IL-lra or estrogen (n = 10 rats per group, randomly selected 
from the entire experimental group) between weeks 4 and 8 ( study 
2) were killed at the end of week 8 (solid bars) and compared to un- 
treated rats ( n = 6 ) killed 4 wk after ovariectomy ( baseline controls; 
hatched bars). Distal femurs were harvested and processed as de- 
scribed in the methods. Percent trabecular bone volume is the per- 
centage of marrow space occupied by trabecular bone. Osteoclasts 
are given as the number of osteoclasts per millimeter of trabecular 
bone surface. Percent osteoclast surface is the percentage of trabecular 
surface containing osteoclasts with "resorptive bays." *P < 0.05 com- 
pared to sham vehicle; b P< 0.05 compared to sham vehicle and sham 
IL-lra; C P < 0.05 compared to ovx IL-lra; d P < 0.05 compared to 
ovx baseline and ovx vehicle; *P < 0.05 compared to sham IL-lra by 
Fisher protected LSD test. 



month after ovariectomy. Treatment with IL-lra started at the 
time of surgery decreased pyridinoline excretion in ovariecto- 
mized rats (Fig. 4). At both 2 and 4 wk after ovariectomy 
pyridinoline excretion was, in fact, lower in rats treated with 
either IL- 1 ra or estrogen than in those treated with vehicle. At 2 
wk there was no difference between the IL-lra and the estro- 
gen-treated rats. At 4 wk, a time point when bone resorption 
was higher, pyridinoline excretion was lower in the estrogen 
than in the IL- lra-treated ovariectomized rats. In sham-oper- 
ated rats IL- 1 ra treatment had no significant effects on pyridin- 
oline excretion at both 2 and 4 wk. 

The increase in serum osteocalcin induced by ovariectomy 
was prevented by estrogen treatment, but not by IL-lra treat- 
ment. In ovariectomized rats at both 2 and 4 wk osteocalcin 
levels were, in fact, significantly lower in the estrogen-treated 
rats than in either the IL- Ira or the vehicle group. In addition, 
IL-lra treatment had no effect on osteocalcin levels in sham- 
operated rats. 

Discussion 

In this study we have found that treatment of ovariectomized 
rats with IL-lra decreases bone resorption and blocks ovariec- 
tomy-induced bone loss. 

At the doses used in this study IL-lra competes specifically 
with IL-1 and does not possess IL-1 agonistic effects (49). In 
fact, infusions of IL-lra up to 80 mg/kg body wt per d to 
healthy humans have been shown to cause no detectable biolog- 
ical effects (50). The subcutaneous infusion of IL-lra resulted 
in serum IL- 1 ra levels ~* 1 0 times higher than those required to 
block 4$ Ca release in vitro from rat bone stimulated with 10 
ng/ml of IL-1 (33). Although there is no published informa- 
tion on either the amount of IL- 1 released in vivo after ovariec- 
tomy or the level of IL-1 receptors expressed in rat bone cells, 
the need for such a high concentration of IL-lra to affect bone 
loss in vivo is not surprising, as it is known that biological 
responses to IL-1 can be observed when ^ 5% of IL-1 receptors 
are occupied by IL- 1 ( 30, 49 ) . Interestingly, the anti-II^ 1 activ- 
ity of sera from rats treated with IL- 1 ra for 4 wk was similar to 
that of fresh IL-1 ra. This indicates that the 4-wk-long infusion 
did not result in the production of rat anti-human IL- 1 ra anti- 
bodies in amounts sufficient to block the biological activity of 
IL-lra or that IL-lra treatment induced the formation of non- 
blocking antibodies. 

The effects of IL- 1 ra on TBV and bone density were evalu- 
ated by bone histomorphometry and by dual-energy X-ray ab- 
sorptiometry, a noninvasive technique which provides precise 
integrated measures of cortical and trabecular bone (35). 
These measures were carried out in the distal femur, a weight 
bearing skeleton segment rich in trabecular bone. In agreement 



Table III. Effect of IL-lra on Histomorphometric Indices of Trabecular Bone Formation 



Parameter 


Sham vehicle 
(n - 10) 


Sham IL-lra 
(n - 10) 


Ovx vehicle 
(n - 10) 


Ovx IL-lra 
(n - 10) 


Ovx estrogen 
in - 10) 


Percent osteoid surface* 
Osteoid thickness* (/im) 


0.56±0.19 
1.15±0.33 


0.64±0.23 
1.07±0.32 


1.16±0.39 
1.33±0.3I 


0.41 ±0.23 
1.35±0.39 


0.52±0.20 
1.22±0.33 



Mean±SEM. * Percentage of trabecular surface covered by osteoid. * Average osteoid width. 
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Table IV. Effect of IL-lra on Cortical Bone 












Endosteal 


Periosteal 






Cross-sectional 


Cortical bone 


Cortical 


labeled 


labeled 


Group 


Marrow area 


area 


area 


thickness 


surface 


surface 




mm 2 


mm 3 


mm* 


mm 


% 


% 


Sham IL-Ira 


2.45+0.18 


7.13±0.24 


4.67±0.09 


0.52±0.01 


0.60±0.37 


0.42±0.I2 


Sham vehicle 


2.56±0.09 


7.23±0.17 


4.66±0.10 


0.51 ±0.01 


1.09±0.44 


0.74±0.24 


Ovx vehicle 


2.50±0.15 


7.21 ±0.23 


4.66±0.I5 


0.51 ±0.01 


4.50±1.22 a 


I5.8±L99* 


Ovx E2 


2.I8±0.I4 


6.83±0,37 


4.65±0.24 


0.53±0.02 


2.55±0.83 


1.69±0.73 


Ovx IL-Ira 


2.57±0.20 


7.25±0.29 


4.67±0.10 


0.51 ±0.01 


5.57±0.69° 


14.4±2.84* 



Values are mean±SEM. n = 6 rats per group. a P < 0.05 compared to sham vehicle and sham IL- Ira. * P < 0.05 compared to sham vehicle, 
sham IL-Ira, and ovariectomized (Ovx) estrogen (E2). 



with earlier studies (5 1-53), both methods showed that ovar- 
iectomy causes a marked bone loss. However, because of the 
lower variability, a shorter follow-up was required to detect a 
significant bone loss with dual-energy X-ray absorptiometry 
than with bone histomorphometry. Our findings are consistent 
with those of earlier studies demonstrating both the higher sen- 
sitivity for bone mass quantification and the higher correlation 
with density measurements by physical means, of X-ray ab- 
sorptiometry than bone histomorphometry ( 54, 55). 

The bone-sparing effect of IL-Ira was more potent in the 
second than in the first month after ovariectomy, a time when 




PYD/Cr (nM/mM) 

Figure 4. Effect of IL-lra treatment on the urinary excretion 
(mean±SEM) of pyridinoline crosslinks (n = 8 rats per group, ran- 
domly selected from the entire experimental group). The pyridinoline 
crosslinks/creatinine ratio (PYD/Cr) was determined in urine sam- 
ples collected 2 and 4 wk after surgery as described in Methods. Rats 
were treated with IL-lra during the first 4 wk after surgery. *P < 0.05 
compared to vehicle treated ovariectomized rats. **P < 0.05 com- 
pared to both vehicle- and IL- 1 ra-treated ovariectomized rats, by 
Fisher protected LSD test. 



bone marrow cell production of IL-1 bioactivity was the high- 
est. In fact, bone loss was decreased, but not completely 
arrested, when rats were treated with IL-lra in the early posto- 
variectomy period. In contrast, bone loss was completely 
arrested when rats were treated with IL-lra during the second 
month after ovariectomy. These data suggest that the role of 
IL-1 in conditioning the changes in bone remodeling induced 
by estrogen deficiency increases with the passage of time since 
ovariectomy. This hypothesis is further supported by the find- 
ing that in each study IL- 1 ra was also more effective during the 
second 2 wk than in the first 2 wk of treatment. In study 1 , the 
bone sparing effects of IL-lra at 2 or 10 mg/kg body wk per d 
were similar. An insufficient block of IL- 1 activity is, therefore, 




0 1.5 3 4.5 6 7.5 9 10.5 12 
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Figure 5. Effect of IL-lra treatment on the serum levels (mean±SEM) 
of osteocalcin (n ~ 8 rats per group, randomly selected from the entire 
experimental group). Osteocalcin was measured in serum samples 
collected 2 and 4 wk after surgery from rats treated with IL-1 ra during 
the first 4 weeks after surgery. *P < 0.05 compared to both vehicle- 
and IL-1 ra-treated ovariectomized rats by Fisher protected LSD test. 
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an unlikely explanation for the inability of IL-lra to com- 
pletely block bone loss in the early postovariectomy period. 

To investigate the mechanism of the bone-sparing effect of 
IL-lra we have examined histomorphometric and biochemical 
indices of bone turnover. During the second month after ovar- 
iectomy IL-lra treatment resulted in a slight increase in TBV, 
In contrast, estrogen blocked, but did not reverse, trabecular 
bone loss. Interestingly, neither IL-lra nor estrogen affected 
cortical bone area. These data suggest that at week 8 the IL- 1 ra- 
and the estrogen-treated rats had similar BMD values because 
the difference in trabecular bone density was too small to be 
detected by our densitometric technique, a method which is 
heavily influenced by cortical bone and provides an integrated 
measure of the density of the two skeleton envelopes. 

Although we were unable to accurately quantitate trabecu- 
lar bone formation, analysis of cortical bone by bone histomor- 
phometry and of serum osteocalcin levels indicated that estro- 
gen, but not IL-lra, prevented the increase in indices of bone 
formation which typically follows ovariectomy in rats ( 37, 56 ) . 
We recognize that the different effects of the two agents on 
bone formation should be interpreted with caution. However, 
one may speculate that estrogen modulates bone resorption via 
an IL-1 -dependent pathway and bone formation via a distinct, 
IL-1 -independent, mechanism. 

Our findings also demonstrate that IL-lra decreases bone 
resorption in a manner similar to estrogen replacement. Inter- 
estingly, the effect of IL- 1 ra on pyridinoline crosslink excretion 
during the first month after ovariectomy was more potent than 
that observed in the same time period with BMD measure- 
ments. This is consistent with previous human studies demon- 
strating that biochemical markers of bone turnover do not 
faithfully reflect the rate of bone loss at the time of the marker 
measurement, but rather correlate moderately with BMD mea- 
surements (43). 

IL-lra had no effect on the bone density and on the bone 
turnover of sham-operated rats, indicating that IL-lra specifi- 
cally blocks estrogen-dependent bone loss. The data are also 
consistent with the lack of published evidence for a role of IL- 1 
in physiologic bone remodeling. 

Taken all together, our findings demonstrate that IL-1 con- 
tributes to the pathogenesis of postovariectomy bone loss. How- 
ever, the incomplete response to IL-lra observed in the early 
postovariectomy period suggests that other factors may contrib- 
ute to the bone loss induced by estrogen withdrawal. A likely 
candidate is IL-6. This cytokine is, at least in the mouse, regu- 
lated by estrogen (26), and an increased production of IL-6 in 
the bone marrow of ovariectomized mice increases osteoclasto 
genesis in vitro (18). Thus, since the secretion of 11^6 from 
stromal cells and bone cells is induced by both IL- 1 and TNFa 
(26), our findings could, indeed, be explained by a persistent 
production of IL-6. Conversely, the similar response to estro- 
gen and IL- 1 ra in the second month after ovariectomy, suggests 
that the production of, or the response to, IL-6 or other cyto- 
kines produced independently of IL- 1 may decrease in the late 
postovariectomy period. 

In conclusion, the present findings indicate that IL-1, or 
mediators induced by IL- 1 , play an important causal role in the 
mechanism by which ovariectomy induces bone loss in rats, 
especially following the early postovariectomy period. It will be 
interesting, therefore, to investigate whether IL-lra has a prac- 
tical role in the treatment of postmenopausal osteoporosis in 
humans. 
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ABSTRACT 

When administered intermittently, parathyroid hormone (PTH) is a potent anabolic agent in both human and 
animal bone. To improve our understanding of this anabolic effect, we have examined the time course of PTH 
action in an established animal model of estrogen deficiency-induced bone loss: the ovariectomized rat Animals 
were ovariectomized (Ovx) and allowed to lose bone for 6 weeks, A dose of 20 pg/kg/d of rat PTH (1-34) was 
administered sx^ 6 days each week for periods of 1, 2, 3, 4, 6 and 8 weeks* Animals were sacrificed for evaluation 
of skeletal histomorphometry of the proximal tibia and mechanical strength of the cancellous bone in the marrow 
cavity of the distal femur. Cancellous bone volume (Cn-BV/TV) increased gradually over 8 weeks of treatment 
(16.8 ± 1.6 to 241 ± 2.7%) as did the bone formation rate (0308 ± 0.054 to 1.659 ± 0.293 Mm 3 //xm 2 /d), as 
determined by an increase in both total niineralizatkm surface (15.5 ±2,1 to 42.7 ± 5.0%) and mineral apposition 
rate (L88 ± 020 to 3.55 ± 039 pm/d). T he largest increments in these variables reflecting bone formation 
occurred over the first week of treatment This bone formation was accompanied by an increase in trabecular 
thickness (Tb.Ib) (553 ± 3.4 to 80.5 ± 5.0 pin) without a corresponding increment in trabecular number (Tb.N) 
(3.65 ± 0.17 to 3 J5 ± 026). Extensive tetracycline labels were visualized on the surface of trabecular rod-like and 
plate-like fihurtnuML A small transient, though not statistically ^gnlfirflnt r mmeRse occurred in both eroded 
surface and urinary pyridinoline concentration immediately after the onset of PTH administration. Osteocalcin 
showed a small decrement in the first two weeks after PTH administration, but the levels were elevated when 
compared with the Ovx control in later weeks. Mechanical strength of the cancellous bone also increased 
significantly with PTH treatment (205 ± 2.4 to 46.1 ± 10.0 Newtons). Our results showed that: 1) intermittent 
PTH treatment of Ovx rats elicited an immediate increase of bone formation activity by the existing osteoblasts, 
2) the increase of Cn-BV/TV after PTH administration resulted primarily from an increase in Tb.Th, and 3) 
improved mechanical strength after PTH treatment can be achieved by increases in Tb.Hi without an increase in 
TbM. (J Bone Miner Res 1996;lL421-429) 



INTRODUCTION 

Post-menopausal osteoporosis is a world-wide problem of 
staggering proportions. Two basic means of treatment 
have been used to combat bone loss, namely, inhibition of 
bone resorption and stimulation of bone formation/ 1 * Al- 
though anti-resorptive agents such as estrogen can tran- 
siently increase bone mass and prevent further bone loss/ 2 ) 



an anabolic agent that promotes bone gain would be an 
invaluable addition to therapeutic approaches to patients with 
osteoporosis. 

In humans, fluoride* 3-5 * and intermittent PTH (6 " 9) ad- 
ministration have been tested and apparently are capable of 
improving vertebral bone mass. Clinical studies with fluo- 
ride show an increase in vertebral bone mass, but results 
from fracture studies have been inconsistent Human PTH 
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(1-34), in both uncontrolled trials and one controlled study, 
also appears to increase vertebral bone mass in osteopo- 
rotic subjects, but no fracture data have been published. 
The recent findings of improved mechanical competency as 
a result of PTH treatment in rat vertebrae, (10) femoral neck 
bones, (11) and appendicular cortical bones (12) makes the 
use of PTH a potentially attractive choice for the treatment 
of established osteoporosis. 

The ovariectoraized rat recently has received substantial 
acceptance as a surrogate for the study of human post- 
menopausal osteoporosis/ 13 - 14 ) The model is best suited for 
studying cancellous bone changes during drug treatment 
and we and others have recently reviewed the anabolic 
effects of PTH in this model/ 15 ' 16 ) In general, PTH can 
increase cancellous and cortical bone mass by stimulating 
bone formation without the need for an accompanied ele- 
vation in bone resorption/ 17 ' 18 * Several srudies (1U9 - 2l > 
.have examined PTH action on bone mass and/or mechan- 
ical strength at two or three different time points, but little 
is known about the relationship between the improvement 
of mechanical strength and the changes in bone structure. 
In a recent study, Li et al. (22 > reported that compressive 
strength correlated with bone mass and trabecular thickness 
in lumbar vertebrae of PTH treated rats. In this study, we 
examined the effects of PTH treatment in a temporal fash- 
ion, with special emphasis on the relationships among bone 
mass, structure, and mechanical strength. 



MATERIALS AND METHODS 

Animals 

Eighty four-month-old virgin female Sprague-Dawley rats 
were purchased from Harlan Sprague-Dawley, Inc. (Indianap- 
olis, IN, U.SA). The rats were maintained at the Animal 
Research Facility at Helen Hayes Hospital for two months to 
allow them to adapt to their new environment Animals were 
fed Purina Laboratory Rodent Chow containing 1% Ca (Pu- 
rina Mills, St Louis, MO, U.SA) and tap water ad libitum 
throughout the experiment 

Experimental protocol 

The experimental protocol was approved by the Institu- 
tional Animal Care and Use Cornrnittee of Helen Hayes 
Hospital. Eighty rats were randomly subdivided into two 
groups of sham-operated and eight groups of bilaterally 
ovariectomized rats, with 8 animals in each group. Ariimals 
were anesthetized with 12.5 mg Ketamine (Ketalar, Parke- 
Davis, Morris Plains, NJ, U.SA) and 2.5 mg xyiazine hy- 
drochloride (Sigma Chemical Co., St Louis, MO, U.SA), 
administered i.p.. After the operation, six weeks were al- 
lowed to pass before initiation of treatment in order to 
permit significant bone loss to occur in the Ovx groups. Six 
Ovx groups were then given s.c. injections of 20 /xg/kg/d of 
rat PTH (1-34) (Bachem Inc., Torrance, CA, U.SA.), 6 
days a week. PTH-treated animals were sacrificed 1, 2, 3, 4, 
6, and 8 weeks after the onset of treatment. Ovx and sham 
control groups were given vehicle only (1 mM glacial acetic 
acid) and were sacrificed only at the beginning and the end 



of the treatment periods. Two doses of calcein (10 mg/kg, 
Sigma Chemical Co.) were injected i.p. into each animal 6 
and 2 days prior to sacrifice in order to visualize new bone 
formation. A 24 h urine sample was collected via metabolic 
cages the day before sacrifice. Each animal was anesthe- 
tized with ketamine: xyiazine anesthetic and sacrificed by 
exsanguination via the abdominal aorta. Blood, right tibia, 
and right femur were obtained from each animal. 

Measurement techniques 

Osteocalcin and pyridinoline assays: Rat serum osteocal- 
cin concentrations were measured with a commercial radio- 
immunoassay kit (Biomedical Technologies Inc., Stough- 
ton, MA, U.SA) using rat osteocalcin as standard and a 
region-specific domain of goat anti-rat osteocalcin anti- 
body. Urinary free pyridinoline and creatinine were mea- 
sured by an ELISA kit (Pyrilinks, Metra Biosystems, Moun- 
tain View, CA, U.SA). Intra-assay coefficients of variation 
for rat osteocalcin and pyridinoline were 6 and 12%, 
respectively. 

Histomorphometnc analysis: Excised right tibiae were de- 
hydrated, embedded undecalcified in methyl methacrylate, 
and sectioned longitudinally using a Jung UJtracut micrr> 
tome (Reichert-Jung, Heidelberg, Germany). Longitudinal 
sections from the center of each bone measuring 10 jim 
were obtained and mounted unstained or were stained . 
by the Goldner's trichrome method. Two consecutive sec- 
tions, one unstained and one stained, were measured by a 
direct tracing method using an interactive measuring system 
(Osteomeasure, Osteometries, Atlanta, GA, U.S .A.). Static 
and dynamic histomorphometnc parameters were obtained 
from a 2 X 2 mm field positioned 1 mm distal to the lowest 
point of the growth plate in the metaphyseal region. Static 
parameters were measured with a 4X objective, whereas 
dynamic parameters were measured with a 20x objective. 
Cancellous bone volume (Cn-BV/TV), trabecular number 
(Tb.N), trabecular thickness (Tb.Th), trabecular separation 
(Tb.Sp), rruneralizing surface (MS/BS = 1/2 SLS/BS + 
DLS/BS), mineral apposition rate (MAR) and bone forma- 
tion rate (BFR - MAR * MS/BS) were calculated by the 
Osteomeasure software, according to the convention of 
standardized nomenclature.^ The number of double la- 
beled sites and the average length of double labeled sites 
were also calculated by the Osteomeasure software. 

To visualize the microarchitecture of the newly mineral- 
ized bone, 30 serial sections of the proximal tibia in selected 
PTH treatment groups were obtained. Cancellous bone 
micro-architecture was examined using a series of images 
captured by imaging software (Optimas, BioScan Inc., Ed- 
monds, WA, U.SA.). To observe the location of the bone 
sites undergoing bone mineralization, photomicrographs of - 
double labeled surfaces were taken under fluorescent light. 
The remaining tibiae were deplasticized, coated with gold, 
and examined by scanning electron microscopy as described 
previously.* 24 * 

Mechanical testing of the femur: Excised femurs were 
subjected to an indentation test using a Materials Testing 
System (Model 810, MTS Systems Corp., Minneapolis, MN, 
USA), employing a modification of the method used to 
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FIG. 1. Representation of the load cell and indenter 
positions and dimensions employed in the indentation test 
to assess load and stiffness in the cancellous bone of the 
distal femur. The graph displays a representative load- 
displacement curve in a Sham-operated animal. Details of 
the procedure are given in the text. 



determine mechanical strength of knee replacements in 
humans.* 25 - 26 * A 4 mm section of the distal femur was cut 
directly proximal to the femoral condyle with a low speed 
saw (Isomet, Buehler LTD, Lake Bluff, IL, U.S.A) under 
constant saline irrigation. A cylindrical indenter with a flat 
testing face 1.6 mm in diameter, equivalent to approxi- 
mately less than 50% of the diameter of the marrow cavity, 
attached to a 25 lb load cell (MTS Model 3397-101), was 
applied to the center of the marrow cavity on the distal face 
of the section at a constant displacement velocity of 0.1 
mm/s. The indenter was allowed to penetrate the cavity to 
a depth of 2 mm before load reversal (Fig. 1). During 
placement and testing, normal saline was regularly applied 
to the specimens to prevent drying. Load-deformation val- 
ues were recorded on disk, and the initial maximum lead 
and stiffness were calculated from the magnitude of the first 
load peak and the slope of the initial load curve. 

Statistical analysis 

The effects of treatment, treatment periods, or aging 
were analyzed by ANOVA, using Duncan's multiple group 
comparison procedure, with SAS software (SAS Institute 
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Inc., Gary, NC, U.SA,). A p value of 0.05 was used to 
determine statistical significance. 



RESULTS 

Histomorphometry and biochemical markers 

In general, sham-operated, vehicle treated animals 
showed little change in any of the structural variables of 
cancellous bone (Fig. 2). Cn-BV/TV of Ovx animals de- 
creased significantly after 6 weeks (18.6 ± 13% in Ovx vs 
32.6 ± 2.2% in Sham) and further decreased when treated 
with vehicle for 8 weeks (4.7 ± 0.8% in Ovx vs. 28.8 ± 1.1% 
in Sham) (Fig. 2). This change in Cn-BV/TV was accompa- 
nied by a decrease in Tb.N and a substantial increase in 
Tb.Sp, with little change in Tb.Th. The lines connecting the 
two Sham and Ovx groups in each of the graphs are dotted 
to denote the uncertainty of the intermediate values. 

PTH treatment of Ovx rats for 8 weeks, which began 6 
weeks after the operation, resulted in a time-dependent 
increase in Cn-BV/TV beginning as early as the third week 
of treatment Increases in Cn-BV/TV (16.8 ± 1.6 to 24.1 ± 
2.7%) resulted from an increase in Tb.Th (55.3 ± 3.4 to 
80.5 i 5.0 /rm) rather, than a change in Tb.N (3.65 ± 0.17 
to 3.55 ± 0.26) or Tb.Sp (228.3 ± 17.5 to 223.5 ± 29.8 *im) 
at all time points examined (Fig. 2). MS/BS and MAR were 
both greater in Ovx rats treated with PTH and resulted in 
an elevated BFR (0.971 ± 0.090 to 1.758 ± 0.239 pirn 3 / 
/Ltm 2 /d (Fig. 3). The increase in MS/BS resulted from an 
increase in both the number of sites as well as the average 
length of such sites (data not shown). The bone formation 
marker osteocalcin decreased in the first two weeks of treat- 
ment, then returned to a level higher than the Ovx control 
group after the second week (Fig. 4). Eroded surface 
showed a trend toward an increase, althougjh this trend was 
not statistically significant, in the first 3 weeks after the 
initiation of PTH treatment. The early increases were ac- 
companied by a small, not significant increase in the colla- 
gen breakdown product, pyridinoline (Figs. 3 and 4). The 
levels subsequently returned to Sham (PYD) or reduced 
levels (ES/BS) thereafter. 

Mechanical competency 

The initial maximum load, i.e., the load at which initial 
deformation of cancellous bone occurs, increased within the 
first three weeks of PTH treatment (Fig. 5) and continued 
to increase steadily up to week 6 of the treatment period. 
The stiffness of the bones displayed a similar partem. Both 
the load and stiffness in Ovx animals treated with vehicle 
were significantly lower than in the Sham or long term 
PTH-treated animals (load: 5.27 ± 0.70 N in Ovx, 34.7 ± 
2.0 N in Sham and 46.1 ± 10.0 NmOvx + PTH; stiffness: 
119.3 ± 14.2 N/mm in Ovx, 534.8 ± 7.0 N/mm in Sham and 
531.6 ± 107.0 N/mm in Ovx + PTH (Fig. 5). A significant 
correlation was found between cancellous bone mass, tra- 
becular thickness, and initial maximal load (Fig. 5). There 
seemed to be a slowing of PTH action evidenced by a 
plateau in Cn-BV/TV, mechanical load and stiffness, and 
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FIG- 2. Effects of intermittent administration of rPTH (1-34) on Cc-BV/TV, Tb.Th, Tb.N and Tb.Sp. Abbreviations are 
given in the text. Results are reported as mean i SEM. Statistically significant differences at p < 0.05 are indicated by * 
for Sham vs. Ovx and * for Ovx baseline vs. Ovx + PTH. 



decreased tetracycline labeling at week 8 when compared 
with week 6 (results not shown). 

Visualization of the sites of new bone formation 

Photographs of fluorescence emitted by the calcein labels 
were taken to visualize the area of new bone formation. 
Many double labeled surfaces were observed around the 
edge of rod-like structures and on the surface of trabecular 
plates (Fig. 6). In addition, new bone formation was seen at 
the edge of small fenestrations in the trabecular plates. 
Photographs of fluorescent labels from a set of serial sec- 
tions, taken immediately before the sample was processed 
for scanning electron microscopy, are shown in Fig. 7 to 
demonstrate such features. 



DISCUSSION 

Current FDA-approved modes of treating osteoporosis 
(estrogen and calcitonin) principally prevent further bone 
loss with no significant restoration of previously lost bone. 
For this reason, the anabolic action of intermittent PTH 
adrninistration on bone has generated a great deal of inter- 



est. Although there is a large body of information on the 
anabolic action of PTH, little is known about the temporal 
response to PTH early in the treatment phase and how the 
changes in bone structure may affect its mechanical com- 
petency. This study was designed to address these two 
issues. 

Our results confirm previous findings that intermittent 
adrninistration of PTH (1-34) to Ovx rats results in a 
significant increase in Cn-B WTV. Prior to the increase of 
Cn-BV/TV at 3 weeks, MS/BS and MAR increased imme- 
diately after PTH administration. As fluorescent labels 
were given 2 and 6 days prior to sacrifice, we can deduce 
that the increase occurred immediately after the first day of 
PTH administration. Hie length of each double labeled 
surface increased to its maximum extent at 1 week, as did 
the MAR, whereas the number of double labeled surfaces 
did not reach maximum until the second week. This sug- 
gests that PTH can elicit an immediate response from the 
existing osteoblasts by increasing the MAR, although a delay 
may exist in recruiting new osteoblasts and initiating new 
bone formation sites. There was a highly significant increase 
in the BFR at an early stage of treatment, but Cn-BV/TV 
did not increase correspondingly. This may be partly the 
result of a temporary increase in bone resorption activity, 
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FTG. 3. Effects of intermittent administration of rPTH (1-34) on MS/BS, MAR and BFR. Abbreviations are given in the 
text. Results are reported as mean ± SEM. Statistically significant differences atp < 0.05 are indicated by • for Sham vs 
Ovx and * for Ovx baseline vs. Ovx + PTH. 
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FIG. 4. Effects of intermittent administration of rPTH (1-34) on bone turnover markers, free pyridinoline and BGP. 
Abbreviations are given m the text. Results are reported as mean ± SEM. Statistically significant differences at u < 0 05 
are indicated by * for Sham vs. Ovx and * for Ovx baseline vs. Ovx + PTH 



evidenced by an increase in eroded surface and pyridinoline 
secretion. However, it should be noted that the increments 
in these variables reflecting bone resorption were not sta- 
tistically significant After the third week, Cn-BV/TV and 



the mechanical strength of the cancellous bone in the mar- 
row cavity began to increase steadily for the next 5 weeks 
under the influence of continued increases in the BFR and 
diminished osteoclast action. Trie plateau of Cn-BV/TV 



T80/6T0g] 



HXN30 H0HV3S3H M0SH3QN3H 



9*92 SZ9 S06 XVd 0fr:ZT S0OZ/Z.T/C0 



426 MENG ET AL. 




Cn-BV/TV(%) Tb.Th(nm) 



FIG. 5. Effects of intermittent administration of rPTH (1-34) on mechanical competency. Top; Temporal changes of 
mechanical strength with PTH treatment. Abbreviations are given in the text. Results are reported as mean ± SEM. 
Statistically significant differences at p < 0.05 are indicated by * for Sham vs. Ovx and * for Ovx baseline vs. Ovx + PTH. 
Bottom: The correlation of mechanical strength with either Cn-BV/TV or Tb.TL 



and mechanical load and stiffness, and the decreases of 
labeling parameters at week 8 compared to week 6, could 
signal a slowing or cessation of PTH action. These very 
limited data suggest that PTH anabolic action may have a 
limited functional period, at least in one treatment cycle, as 
described by others in humans (27) and in rats. (10 * 12) 

Our findings of the changes in biochemical markers are 
very similar to our ongoing clinical study of intermittent 
PTH administration in humans. (28) In both studies osteo- 
calcin levels underwent an immediate decrease followed by 
an increase, while the bone resorption marker, pyridinoline, 
showed an immediate increase followed by a decrease at the 
later time points. The changes in pyridinoline agree with the 
observation of an early transient increase in eroded surface 
during treatment, although the changes were not statistically 
significant for either variable. Hie osteocalcin data are 
more difficult to interpret The initial decrease after PTH 
administration could result from the diminished secretion 
of osteocalcin from individual osteoblasts. Hie later increase 
of osteocalcin could result from the increased recruitment 
of new osteoblasts under the influence of PTH. This sug- 
gests that osteocalcin data need to be carefully interpreted 
during a transient stage of altered bone formation. 



New bone formation during PTH treatment could either • 
occur de novo or by apposition onto existing plates. Al- 
though we cannot state with certainty which of these two 
mechanisms is in operation, the following evidence strongly 
suggests the latter; First, we only observed an increase in 
Tb.Th, and not in Tb.N, at any time point and second, we 
did not observe any diffused tetracycline labels, a charac- 
teristic of de novo bone formation, at any time point exam- 
ined. One should note, however, that de novo synthesis of 
small quantities of woven bone in the marrow cavity was 
observed following administration of 400 to 1000 /ng/kg/d of 
PTH, a dose that is 20 to 50 times greater than that used 
here. <20) The question of whether the excess bone forma- 
tion is initiated randomly on resting bone surfaces, or over- 
fills newly created resorption cavities, is less certain. We did 
observe an initial increase in eroded surface, but this in- 
crease disappeared after 3 weeks, while the BFR remained 
highly elevated for 8 weeks. A separate analysis using a 
special labeling strategy, similar to that employed by Tobias 
et al., (29) may be needed to address this issue. 

A true test of a successful treatment for osteoporosis 
would be a decrease in fracture incidence. As such a result 
is difficult to accomplish in the early stages of efficacy 
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FTC 6. A visualization of new bone formation in animals treated with mtermittent PTH. Fluorescence image of calcein 
labeled bones from an Ovx animal treated with PTH for 3 weeks. A demonstration of new bone formation on plate-like 
(A) and rod-like (B) trabecular structures are presented. 



testing for new therapeutic agents, mechanical competency 
testing has been used as a surrogate for this purpose. Me- 
chanical competency depends upon at least two structural 
determinants of Cn-BVyTV: Tb.Th and Tb.N. Post- 
menopausal osteoporosis predominantly shows a loss of Tb.N 
rather than Tb.Th in the iliac crest, (30) whereas bone loss 
related to the aging process is associated with decrements in 
Tb.Th. ^ While it is difficult to increase Tb^N, we know 
that it is feasible to increase Tb.Th with anabolic agents 
such as fluoride and PTH. It is therefore important for us to 
examine whether increased Tb.Th, without an improvement 
in Tb.N, can improve mechanical competency. There are 
several reports of increased mechanical competency in the 
cancellous-rich bones of rats after PTH treatment (104l * 32) 
One report showed a correlation between compressive 
strength to bone mass and structure in lumbar vertebrae. (22) 
However, the data were not analyzed with respect to the 
changes in structure. From our histomorphometric mea- 
surements, we observed that the increase of Cn-BV/TV 
from PTH treatment was the result of increased Tb.Th 
rather than an increase in Tb.N. In combination with the 
observation of a high correlation between mechanical com- 
petency and Cn-BV/TV, we suggest that increasing Tb.Th 
could serve to increase the mechanical strength of the 
affected cancellous bone without the need for an increase in 
Tb.N, and presumably, trabecular connectivity. 



Our observations on the location of double-labeled sur- 
faces confirm our findings that most of the added bone 
mass was the result of a thickening of the trabecular plates. 
We observed many examples of double labels that covered 
entire trabecular plate surfaces, which would explain the 
increase in Tb.Th. Double labels, however, were riot limited 
to such surfaces. Examining serial sections of the proximal 
tibia, we noticed that double labels were also present on the 
inner surface of small fenestrations of trabecular plates and 
rod-like structures. These small fenestrations are quite of- 
ten present in the middle of trabecular plates and are generally 
in the order of 50 to 200 /xm in diameter. Assuming a MAR 
of 2 to 5 fim per day, as we have found in these animals, it 
is conceivable that these micro-fenestrations could be 
closed within 10 to 100 days of PTH administration. Al- 
though these microfenestrations are small, and their re- 
paired area represents only a minor fraction of the total 
bone surface, we should not rule out tireir possible contri- 
bution to the overall improved mechanical competence. 
The significance of this observation is not fully understood 
at this time. One possibility is that these structures may 
represent a weak point in the trabecular plate that is selec- 
tively targeted by osteoclasts. Filling such micro-fenestra- 
tions may reduce osteoclast action in the future. 

In summary, a close monitoring of the early stages of 
anabolic action of intermittent PTH administration showed 
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a complex pattern of changes in bone formation and re- 
sorption. After a rapid elevation in bone formation and a 
non-significant transient increase in bone resorption, in- 
creased bone formation persisted and subsequently resulted 
in thicker trabecular plates, improved cancellous bone vol- 
ume, and greater mechanical competency, without an in- 
crease in trabecular number. Our results indicate that PTH 
primarily acts by adding bone to existing trabecular plates 
and in support of the findings of Qi et al. (33 > that treatment 
will be less effective if bone loss has progressed to the stage 
where trabecular number is already severer/ depleted. 
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Abstract 

Interleukin 11 (IL-11) is a pleiotropic 
growth factor with several actions In common 
with members of the IL-6* family. IL-11 utilizes 
a specific receptor chain encoded by two genes, 
IL-11 Ua, which is expressed In hematopoietic 
and other tissues and, IL-llRa2, which has a 
restricted pat-tern of expression. The actions of 
IL-11 in the hematopoietic compartment 
include support of mnltilineage and committed 
progenitors contributing to myeloid, ery- 
throid, megakaryocyte, and lymphoid lineages. 
IL-11 demonstrates a prominent thrombopol- 
etic activity which is being evaluated in clinical 
trials. In contrast to the multiple In vitro and in 
vivo effects of IL-11, mice with a targeted 



mutation of the IL-llRa gene (TL-llRa-/-) did 
not exhibit an overt hematological phenotype. 
Generation of a null phenotype was confirmed 
by independent assays. The numbers of prog* 
enltor cells of various lineages as well as their 
terminally differentiated progeny were undis- 
turbed in the IL-11 Ra-A mice. In addition, the 
mutant mice were able to respond appropri- 
ately to increased demand in situations of 
hematopoietic stres s. This study has highlight- 
ed the growth factor redundancy operative in / 
the hematopoietic compartment , and In addi- 
tion, has served to identify a critical action of 
I L-11 in non hematopoietic organs. Stem Cells 
mH:16(suppl 2):53-65 



Introduction 

Interleukin 1 1 (IL-11) was originally identified as a stromal-ceil-derived growth factor able to stimulate 
the proliteration of a murine plasmacytoma cell line f 1, 2], In addition to its action on the B-cell lineage, its 
ability to support the growth of multi lineage progenitors was soon recognized, Subsequently, the action 
of IL-1 1 on multiple hematopoietic lineages was demonstrated and reviewed (3-7 1. However, the effects 
of IL-11 are not restricted to hematopoiesis. IL-11 has effects on varied organs; for example, it aids 
recovery of spermatogenesis after chemotherapy [8], ameliorates the effect on the intestinal epithelium 
of cytotoxic injury and inflainmatory bowel disease ) 9, 10|, and is a possible mediator of branchial reac- 
tivity [11]. Consistent with the known metabolic functions of IL-1 1, the cDNA was also independently 
cloned by Kawashima et al based on its ability to inhibit adipogenesis in 3T3-LI cells [12]. The 
nonhematopoietic actions of IL-1 1 have been recently reviewed |7]. 

The pleiotropic actions of IL-11 on the hematopoietic compartment and other organ systems 
are shared with those of other members of the IL-6 family of growth factors, including leukemia 
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Role of IL- 1 1 in Hematopoiesis 



inhibitory factor (LIF), oncostatin-M (OSM), ciliary neurotrophic factor (CNTF), and cardiotrophin 
(CT)* The overlapping function of these growth factors is, in part, explained by shared receptor 
components 113-15]. For instance, the IL-6 family of cytokines share gpl30 as a signal transduc- 
tion unit [14, 161- Several of these molecules also utilize the LIF receptor (LTFR) as a component 
of their receptor complex; also, specific receptor chains exist for OSM, IL-6, and CNTF [14, 16, 
17], Work in our laboratory led to cloning of the cDNAs encoding the murine and human 
IL-1 1 -specific, receptor subunit (a-chain) and the demonstration that the expression of this 
receptor component alone confers low-affinity IL-11 binding. Coexpression with gpl30 results in 
high-affinity binding of 1L-1 1 and the capacity for signal transduction [18, 19]. We have also pre- 
viously described the presence of two loci for the murine IL-11 receptor a-chain, IL-llRa and 
IL-llRa2 [20, 21], While transcripts corresponding to the TL-i IRa locus are expressed widely in 
hematopoietic and other organs, those from the JL-l iRa2 locus are detected only at relatively low 
levels in the testis, lymph node, and thymus [20, 21]. Furthermore, the TL-I IRa2 locus is not pre- 
sent in all mouse strains; for example, SJL/J and DBA/2J are two murine strains that contain only 
the ubiquitously expressed IL-llRa gene, while 129/Sv, C57BL/6, and BALB/cBy also contain 
the IL-URa2 gene [20]. The cDNAs from the two loci exhibit 99% nucleotide identity in the 
coding exons, but contain different 5' untranslated regions [20, 21]. This divergence permits dis- 
crimination between transcripts from the two loci using reverse-transcriptase polymerase chain 
reaction (RT-PCR), 

Despite the varied actions of IL-11 within the hematopoietic compartment, its principal 
physiological role remains unclear. The generation of genetically modified animals is increasing- 
ly used to ascertain the in vivo importance of the molecules of interest. We sought to understand 
the essential functions of JL-l 1 in vivo by generation of mice with a targeted null mutation of the 
IL-llRa gene [221. Here we describe the role of IL-11 in hematopoiesis as revealed by analysis 
of the IL- 1 IRa receptor null (IL-1 1 Ra-A) mice. 

IL-11 AND Thrombopoiesis 

It was initially observed by Paul et al. and later confirmed by other investigators that IL-11 acting 
alone had no megakaryocyte colony-forming activity in vitro but could augment this activity of 
cytokines such as TL-3, stem cell factor (SCF; or kit-ligand), and thrombopoietin (TPO) [L 23-28]. 
IL-11 alone and in synergy with IL-3 also induces features of megakaryocyte maturation including 
increased ploidy, size, and production of acetylcholinesterase [24, 26]. In vivo experiments with IL-1 1 
have demonstrated both an enhancement of megakaryocyte progenitors and an increase in platelet 
production (see below). Although megakaryocytes have been shown to express IL-1 1 receptors |29]» 
it has been speculated that the action of IL-1 1 on megakaryocytes is mediated through additional 
growth factors. This question has been addressed, in part, by examining the effect of IL-1 1 on high- 
ly purified target populations in an attempt to eliminate contaminating stromal elements which 
could act as a source of other factors. Teramura et al reported that IL-1 1 acting alone was able to 
induce maturation markers in purified human CD4I -positive ceils [25 J. As human megakaryocytes 
have the potential to produce BL-6 and to express receptors for IL-6 [30], iL was possible that the 
action of IL-11 on purified megakaryocytes was mediated through IL-6. However, the addition of 
anti-IL-6 antibody to the culture system was shown not to abrogate the response to IL-1 1 |25]. As 
the enormous potential of TPO to support megakaryopoiesis became apparent, Kaushanslcy et al 
examined the possibility that TPO might mediate the thrombopoietic response to other growth factors, 
including IL-11 [28]. The addition of soluble c-mpl receptor as a TPO antagonist abrogated IL-6, 
IL-H, or SCF-indnced in vitro megakaryocyte colony formation from unfractionated bone marrow 
cells, suggesting a dependence on TPO [28]. The generation of mice deficient in TPO or c-mpl per- 
mitted this issue to be addressed in vivo [31-33]. Administration of IL-6, IL-1 1, SCF, or LIF to these 
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mice resulted in a platelet increment [34, 35]: thus, through demonstrating in vivo, these growth 
factors can act independently of TPO. 

Support for the action of IL-1 1 in niegakaryocytopoiesis has also come from the analysis of IL- 1 1 
in animal models. Admioistration of IL- 1 1 to normal and splenectomized mice elevated platelet counts 
in both groups and was associated with an increment in the number of megakaryocytes and progenitors 
j in bone marrow and spleen [36-38]. IL-1 1 also induced megakaryocyte maturation in vivo; analysis of 

I bone marrow megakaryocytes revealed an increase in ploidy [36, 37]. Mice in which 1 was 

overexpressed demonstrated a persistent elevation of platelets associated with an increment in 
1 megakaryocytes [39-411. IL-1 1 also possesses megakaryopoietic and thrombopoietic action in mon- 

keys [42] and dogs [43J. Administration of IL-1 1 to humans also results in an elevation of platelet 
i count, increased megakaryocyte numbers in the marrow with a higher fraction in cell cycle, and a shift 

i to higher ploidy [44-46]. 

While the action of IL-1 1 on platelets is clear, there are conflicting data regarding the relationship 
| between circulating levels of IL-H and the plateJet/megakaryocyte mass. Elevated IL-1 1 levels were 

! observed in patients with thrombocytopenia along with consequent increased megakaryocyte mass, as a 

! result of immune platelet destruction [47]. In contrast. TPO levels are not elevated in situations of 

i immune destruction as reviewed [48, 49]. IL-1 1 levels were also noted to be elevated in patients with 

' thrombocytopenia and decreased megakaryocyte mass due to myelosuppression, with a significant 

I inverse correlation between endogenous IL-I1 levels and circulating platelet counts during recovery 

j [47], This finding, however, has not been consistently observed [50], It is interesting thai in mpl-nuil 

I mice with platelet counts U)%-\5% of normal, no elevation of IL-l I levels has been observed [35 1; thus, 

| unlike with TPO, there is no simple relationship between levels of serum IL-1 1 and total mass of cells 

j of the megakaryocyte lineage. 

j Given the prominent activity of IL-1 1 on this lineage, it was suiprising to find that the IL- 1 1 Ra-/- 

[ mice had no perturbation of platelet numbers (Fig. 1). There was no difference in platelet counts for 

j wild-type, heterozygous, or IL-1 IRa-/- mice. These findings were also reflected in the bone marrow 

! and spleen. Shown in Figure 2 are representative histology sections from sternum and spleen of wild- 

! type and IL-llRa-/- mice. There was no difference in the number of megakaryocytes nor in the 

j composition of other hematopoietic lineages. Also, no difference was noted hi the number of 

! megakaryocyte progenitors [22]. This is in contrast to the situation in IL-6 null mice, which display a 

| normal platelet count but have an -50% reduction in megakaryocyte colony-forming cells (MK-CFC) 

[51], The role of EL-1 1 in situations of hematopoietic stress was also examined. We have explored this in 
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Figure 1. Full blood count profile of IL-llRa-/-, hetermygous (IL-llRa*/-) and wild-type (lL-URa^) mice 
(n = animals per group; mean ± SD). 
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models of myelostippres- 
sion secondary ro 5-FU and 
immune platelet destruction 
(by administration of 
antiplatelet serum leading to 
a 90% fall in platelets). In 
both of these situations, the 
rate and amplitude of 
platelet recovery in TL- 
1 IRa-/- mice was similar to 
the wild-type [22]; thus 
baseline megakaryocyte/ 
platelet levels and responses 
to thrombocytopenic stress 
occurred normally in these 
animals in the absence of 
IL-ll signaling. 



IL-il AND 

Erythropoiems 

IL-ll has been shown to 
influence multiple stages of 
erythropoiesk While IL-1 1 
in the presence of erythro- 
poietin (EPO) is inadequate 
to maintain erythropoiesis 
in long-term marrow cultures 
[52], IL-ll shows synergy 
with SCF in expanding 
BFU-E potential of such 
cultures at least four- to 
fivefold [53]. IL-ll stimu- 
lates BFU-E when combined 
with IL-3, even in the 
absence of EPO |54, 55] 
and with other growth fac- 
tors such as SCF and GM- 
CSF [56]. IL-1 1 also sup- 
ports the maturation of 
colony- forming unit-cry - 
throid (CFU-E) 154]. The 
effect oflL-1 1 on erythroid 
progenitors was not abro- 
gated by the addition of antibodies to SCF, 1L-3, or GM-CSF, thus suggesting a direct effect of IL-1 1 
on human and murine erythroid ceils, at least in the in vitro system [551- Studies in mice have 
demonstrated that IL-1 1 can stimulate erythroid progenitors (BFU-E, CFU-E) and that this potential is 
further amplified by concurrent administration with SCF [57, 58]. The effect of IL- 1 1 atone on the ery- 
throid compartment also translates to a dose-dependent increase in reticulocytes [58]. In contrast to the 




Figure 2. Representative sternal and spleen histology from lL-URa+f+ and 
ILrllRa-l* mice. The number and morphology of megakaryocytes were normal 
in the IL-IIRa-/- mice and were assessed in twenty kigh-jx)wer fields- (magnifi- 
cation X 4M) by an investigator blinded as to tlie genotype. A minimum of nine 
mice per genotype were examined. 
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stimulatory activity of IL-ll on erythroid cells, IL-1 1 induced a mild anemia in mice [581. Such an 
effect is also seen in dogs |43J, monkeys [421, and humans [45], and is thought to be due to volume 
expansion [5% 

Despite the evidence implicating 1L-1 1 in erythropoiesis, in the IL-llRa-/- mice, the hematocrit 
and reticulocyte count as well as the numbers of erythroid progenitors were ail normal (Fig. 1) [22]. 
In keeping with these results, the IL-6 null mice also show a normal hematocrit (but with expansion 
of erythroid progenitors) but exhibit a 100% mortality in response to hemolysis induced by phenyl - 
hydrazine. A similar experiment was performed in the IL-URa-/- mice; however, their response was 
completely normal. This was true both in terms of the degree of hemolysis produced using the same 
dose as was lethal in the IL-6 null mice and of the kinetics of erythroid recovery. Therefore, 
although IL-ll can influence multiple stages of erythroid development, IL-1 1 signaling in the adult 
is not critical for maintaining basal erythropoiesis nor in generating a normal erythroid response to 
hemolytic stress. 

IL-ll AND MYELOPOIESIK 

Several investigators have shown that IL-ll shows little activity in stimulating myeloid 
colonies in in vitro cell cultures but enhances the growth of a range of mnltipotential and 
committed myeloid progenitors (Mix-CFC, granulocyte-macrophage [GM]-CFC M-CFC) in 
combination with other growth factors such as IL-3, SCF, GM-CSF [52, 60-65], IL-4 [61, 66], IL-7, 
IL-12 [67-691, IL13 |66|, flt3-ligand [70], and TPO [71]. The expansion of myeloid progenitors 
and peripheral blood neutrophilia is also seen with in vivo administration [42, 57, 72]. However, 
a neutrophilic response is not consistently seen in all experimental models. For example, mice in 
which IL-I I expression was enforced showed >20-fold elevation in myeloid progenitors but had 
unchanged leukocyte levels [40], Similarly, neutrophilia was not noted in dog studies [43] nor in 
a human phase I trial [45]. 

The analysis of the myeloid compartment revealed no abnormality in the IL-llRa-/- mice. 
There were normal neutrophil numbers, and there was no perturbation in myeloid progenitors as 
ascertained by in vitro assays [22]. The analysis of hematopoietic progenitors was also extended to 
a study of their capacity for self-genernrion. Clone-transfer experiments were performed that 
involved the physical isolation of individual colonies supported by SCF and the replating of these 
cells in secondary cultures also stimulated by SCF Shown in Table 1 are results for colonies 
recloned from both wild-type and IL-llRa-/- mice. There was no deficit in the reckoning potential 
from IL-llRa-/- mice. 
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Genotype 

+/+ 
f« = 7) 
-/- 

(w = 7) 



Number of primary 
colonies examined 

23v 



214 



Percent recloning 
mean (range) 

12 (3Mi%) 
l3(6%-20%) 



Number orsecuodaxy dones 
generated (mean ± SD) 

68 ±42 
I08±79 



Primary colonies from bone marrow cells were grown in SCF (100 ng/ml) and isolated, prepared as a single cell suspension, 
and reeukured in agar stimulated by SCF. The number of secondary clones arising from each primary colony was enumer- 
ated. Primary colonies included those with blast-cell morphology and multicentric colonies, with no difference between 
wild-type (+/+) and IL1 IRa-/- cells. Results are pooled from the analysis of seven mice of each genotype. 
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Role of IL-l 1 in Hematopoissis 



IL-11 and Stem Cells 

While there is convincing evidence for the expansion of committed progenitors by IL- 1 1 , the activity of 
this growth factor on the primitive stem cell population remains unresolved. Addition of IL-11 to human and 
murine long-term marrow cultures has been observed to increase the nonadherent cell population which con- 
tained increased numbers of multilineage and committed progenitors such as colouy-forming unit-spleen 
(CFU-S) day 12, Mix-CFC, GM-CFC, and BFU-E [52, 73]. The proliferative effects have been shown lo be 
due to the entry of a quiescent (G tt ) population into active cell cycle as well as the shortening of cell cycle lime 
[64, 74]. However, IL- i 1 had no significant effect on the fcgh-proliferative potential (HPP}-CFC and, in fact, 
decreased the frequency of human long-term culture-initiating cells (LTC-IC) and murine long-term reconsti- 
tuting stem cells [73]. Similar results were demonstrated in short-term (six days) liquid cultures of bone 
marrow ceils taken two days after treatment with 5-FU. Cells cultured with IL-l I as the sole stimulus were 
incapable of generating primitive day 28 cobblestone area-forming cells (CAFC) and did not contain stem 
cells capable of competitive repopulation [75J. These results implied that IU1 1 enhanced the commitment of 
stem cells into a multipotential progenitor compartment. Similarly, Holyoake et at described a 50-fold ampli- 
fication of multipotential progenitors after short-term (six days) culture of unfractionated BM cells with SCF 
and IL-l I [76]. Hie ex vivo expanded cell population amtributed to an accelerated short-teon engraftinent 
and also sustained quartenary bone marrow transplant recipients as opposed to unmanipulated marrow [76]. 
Despite an amplification of HPP-CFC and LPP-CFC with induction of active cell cycling, other workers have 
described a defect in the engrdftment potential of IL-l 1-treated cells [77, 78]. A direct comparison, however, 
cannot be made between these transplantation studies since they differed in experimental design. Moreover, it 
is difficult to attribute either the expansion or attenuation of long-term reconstitution capacity to 1L-1 l r since 
it was only one component of differing cytokine con^madons.lniiKxielsofchronicIL-1 1 overexposure, bone 
marrow cells oveiexpressing IL-11 resulted in accelerated engraftment of tertiary recipients |39, 41]. 
Therefore, continued exposure of stem cells to IL-11 did not lead to stem cell extinguishment. IL-l 1 also acts 
to cause mobilization of stem cells/progenitor cells into peripheral blood |79]. 

Results to date suggest, as with the other hematopoietic compartments, that the stem cell compart- 
ment is probably also preserved intact in the IL-J IRa-/- mice. Levels of CFU-S day 12 were normal; 
however, the definitive assay for stem ceil function is hematopoietic reconstitution. These results should 
be contrasted with those for the LIF null and the 1L-6 null mice. The LIF-/- mice have an -60% and 
-90% decrease in bone marrow and spleen CFU-S day 12 content, respectively, as well as a reduction in 
GM-CFC and erythroid progenitors [80]. The TL-6-A mice also showed a reduction in CFU-S day 12 as 
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Figure 3. RT'PCR confirming absence 
of ILrllRa transcript in fetal liver cells 
from JL-J/JW- mice (lanes S and 6) 
and demonstrating absence of expres* 
sion oflLrllKal transcript in fetal liver 
cells from IL-llRa-/- mice as weU as the 
control II^HRa+l* mice (lanes 3 t 4 t and 
7). RT-PCR products encoding the deleted 
exuns of the IL-l IRa gene (upper panel), 
transcripts specific to the lL-URa2 gene 
(middle panel) and hypttxantliine phos* 
phorihosyltransferase (HPRT) gene 
(lower panel) were examined by Southern 
hybridization with radiolabeled intermit 
oligonucleotide probes. Controls used 
were testis which expresses both tran* 
scripts (positive control lane I) and neg- 
ative control (no cDNA. lane 2j. 
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Figure 4. RT-PCR demonstrating expression 
oflL-IIRa transcript and tack of expression 
ofJLrllRa2 transcript in embryonic day 95 
yolk sac tissue. The cDNA samples were wikt- 
type yolk sacs (lanes J and 4) and wild-type 
embrya (lane 31 ami conirob used were yolk 
sac (lane 2) and embryo (lane 5) from mice 
with a targeted mtaation of the sd gene [8l] f 
testis which expresses both transcripts (posi- 
tive contml; lane 6), and negative conttwl (no 
c.DNA f lane 7J. RT-PCR products specific to 
the ILrllRa gene (upper panel), transcripts 
specific to the H-llRa2 gene (middle panel), 
and HPRTgcnc {tower panel) were examined 
by Soutlicm lybridimtion with radiolabeled 
internal oligonucleotide probes. 



well as in long-term reconstitution potential [51]. This implies a progenitur/stem cell subset that is critically 
dependent on UP or IL-6. Such a cell population has not yet been identified for IL- 1 1. The overall physio- 
logical significance of this defect in the LIF null or IL-6 null mice is unclear, however, since despite reduced 
levels of CFU-S, the LIF null and the IL-6 null mice have normal numbers of peripheral blood leucocytes. 

We have also analyzed the role of IL-l I signaling in earlier stages of hematopoiesis. Experiments were 
performed using fetal livers and yolk sac tissue. An RT-PCR-based assay was used to detennine the genotype 
and examine gene expression in these tissues. As shown in the Figure 3 upper panel, lanes 5 and 6 represent 
fetal liver ceJIs from TL- 1 1 Ra-/- as they lack expression of exons 10-12 which were deleted by the targeting 
strategy. For comparison, lanes 3, 4, and 7 are from heterozygous pups. A transcript for IL-l !Ra2 was never 
identified m hematopoietic cells (middle panel), an observation in common with hematopoietic cells from 
adult animals. Similarly, no expression of the IL-l lRa2 gene was detected in day 9.5 yolk sac tissues and 
embryos (Fig. 4). Expression of IL- 1 1 Ra gene was present in wild-type yolk sac tissues and embryos and also 
in those mutant for the scl gene [81 ] (included as a further control; Fig. 4), but as expected, was not seen in 
IL-J IRa-A tissues (data not shown). 

The progenitor cell content of fetal livers and yolk sacs from mutant and wild-type mice was assessed 
by in vitro clonal cultures. These assays were scored by an investigator blinded as to the genotype of the cells 
being examined. As shown in Figure 5, the numbers of GM-CFC BFU-E, and MK-CFC in fetal livers from 
mutant and control (IM IRa+A) mice were comparable. GM-CFC and BFU-E progenitors were also quan- 
tified from yolk sacs. This involved dissecting the individual yolk sacs, preparing a single-cell suspension, 
and stimulating the cells with the cytokine combination indicated. Again, the number of progenitor cells was 
similar for the two genotypes. 

IL-11 and Lymphopoiesis 

In common with its effect on hematopoietic progenitors, IL-ii supports the generation of 
lymphoid progenitors only in the presence of other cytokines. For example, in combination with IL-4 
or SCF, IL-l 1 enhanced the generation of B cells in primary cultures of bone marrow cells [69, 82-84] 
and together widiIL-7, flt3-ligand, or SCF, IL-l I stimulated the growth of uncommitted progenitors 
and their differentiation into the B lineage [70. 85-87]. The uction of IL-l 1 in promoting B-cell dif- 
ferentiation (increased DNA synthesis, immunoglobulin secretion, and augmentation of sheep red 
blood cell-specific antibody responses) was found to be dependent on the presence of accessory T cells 
but independent of coproduction of IL-6 [I, 88, 89]. Our results have shown that the production of 
immunoglobulin isotypes as well as the production of specific antibodies after primary and secondary 
antigen challenge was maintained in the IL- 1 1 Ra-/- mice [22]. However, since the predominant action 
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Figure 5. Granulocyte-macrophage (GM-CFQ, BFU-E, and megakaryocyte progenitors (MK-CFC) in fetal livers 
and yolk soot of 1 1^11 Fa-/- mice. Results are mean ± standard deviation of total colony numbers obtained from repli- 
cate cultures. Cultures of fetal livers contained 50.000 cells. GM-CFC were enumerated from agar cultures stimulated 
with GM-CSF. IL-3, and SCF. BFU-E were from methykelhtlose cultures stimulated either with EPO and SCF or with 
EPO. SCF, lLr6> and G-CSF. MK-CFC were from, agar cultures stimulated with IL-3, SCF, megakaryocyte growth 
and development factor (MGDF), and stained with acetylcholinesterase. Results are expressed \wr 50.000 fetal liver 
\ cell*. Yolk sat: cultures were all performed in methylceltulose and with the cells from individual yolk sacs being equally 
! divuled into quadruplicate cultures and stunuhted with GM-CSF, G-CSF, IL-3, SCF, and EPO. Results arc expressed 
\as number of colonies per yolk sac. Cells wen 'stimulated with final concentrations of GM-CSF 10 ng/bd, IL-3 Wng/mL 
' SCF 100 ng/nd, MGDF 200 ng/mL EPO 2 U/ml, OA 100 ngM ami G-CSF 10 ng/mL (n = the number of independent 
j samples examined, ) 

| of IL-11 in this compartment is in combination with other growth factors, a phenotype may be 
; revealed in genetic crosses with mice lacking other molecules operative in this lineage. 

i 

jLACK of Hematopoietic Phenotype Is Not Due to Compensation by IL-llRa2 
I Given the overwhelming body of data implicating IL-l 1 in stem cell regulation, thrombopoiesis, 
!erythropoiesi$, and myeloid celJ differentiation, the lack of hematopoietic phenotype in the IL-HRa-A 
: mice was very surprising. Explanations for a lack of a detectable effect on the hematopoietic compartment 
I included the possible failure to generate a germline IL-l IRa null phenotype and/or compensation from 
i the untargeted IL- 1 1 Ra2 gene. Experiments were therefore performed to directly exclude these possibili- 
I lies. First, Southern analysis confirmed the desired mutation of the IL-l IRa locus. Second, Northern 
analysis demonstrated an absence of IL-l IRa (and TL- 1 1 Ra2) transcripts, and dais was confirmed by RT- 
PCR on bone marrow cells and on colonies derived from those cell's [22]. Moreover, bone marrow cells 
from TI^l IRa-A mice did not respond tn IL-l I in in vitro cultures, while bone marrow cells from wild- 
type mice responded normally [22]. Wc have also confirmed the inability of TL-1 IRa-A mice to respond 
to administered IL-l I. As shown in Table 2, in vivo administration of IL-l 1 caused the expected - 1 .5-fold 
increment in platelet count in the wild-type mice. Such a response was not observed in the IL-llRa-/- 
mice. No consistent changes in either the white cell count or hematocrit were noted in either genotype. 
These experiments documented both the inability to respond to IL-l 1 and the lack of compensation from 
the IL-l IRu2gene. 
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Mice genotype 


Stimulus 


DayQ 


Day 6 


B-463 


+/+ 


MO 
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B-531 


+/+ 


NS 
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B-513 


V- 


NS 
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B-515 


-/- 


NS 
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940 


Bo 16 


■/- 


NS 
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1,000 


B-534 


+/+ 


IL-I] 


980 


1.516' 


B-525 


+/+ 


IL-ll 


9J2 


1,652* 


B-528 


+t+ 


IL-ll 


912 


1,328* 


B-487 


-i- 


IL-ll 


1068 


U60 


B-488 




m-ii 
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876 


B489 


-A 


IL-ll 


800 


908 



JL-U (Genetics Institute) was administered s.e. ill 250 ug/kg/day in 200 p! of normal saline (NS 1/0.1% BSA. in two 
divided doses for six days. Controls were injected with NS/BSA. Platelet count w;is measured before and alier stimulus 
adtnimstration. 

The incrment in platelei coutu following IL-I I administration was significant for only ihe wild-type (IL-i lRa*/+) mice 



Conclusion 

The study of murine models made genetically deficient in growth factors or their cognate receptors 
has provided important insights into the in vivo role of these molecules. For example, analysis of phe- 
notypes resulting from targeted mutation of TPO [3 i ] or its receptor c-mpl [32, 34], or the mutation of 
GM-CSF [90, 91] and its signal transduction molecule, the common ($ subunit [92, 93] have provided 
complementary dala regarding the role of these ligands and their receptors. Our results imply that 
although IL-i 1 exhibits multiple actions in the hematopoietic compartment, these are well compensat- 
ed in the mice with a targeted mutation of the receptor. Is this because of the untargeted second gene or 
due to expression of an as-yet-unidentiFied receptor component? Both possibilities seein unlikely since 
the mutant mice have been shown to be unable to respond to IL-ll in vitro as well as in vivo. The 
hcmatopoiesis-stimulating activity of IL-1 1, identified in in vitro and in vivo studies, has been test- 
ed in various models of myelosuppression: bone marrow transplant, chemotherapy, irradiation, and 
combined chemotherapy and irradiation [7]. The favorable effect of IL-1 1 on hematopoietic recov- 
ery, observed in various animal models, has led to its evaluation in several human clinical trials. An 
attenuation of post-chernotherapy thrombocytopenia and a reduction in platelet transfusion require- 
ments has been observed, as well as an acceleration of the recovery of neutrophils when combined 
with granulocyte colony-stimulating factor [45. 46, 94-96]. Thus, although hematopoiesis is undis- 
turbed in mice lacking the IL-I I receptor, this does not detract from the potential clinical utility of 
IL- 1 1 . The targeting study has, however, served to highlight the degree of redundancy that operates 
within the hematopoietic system. 

IL- J 1 also has pleiotropic effects outside the hematopoietic compartment. Our receptor targeting strategy 
has also served to identify an additional role for IL-ll as a critically important mediator in reproductive 
physiology, since the IL* 1 1 Ra-/- female mice are infertile [22, 97] . Another potentially important role for 
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this growth factor is its enhancement of gastrointestinal epithelial Tepair after cytotoxic insult and in 
inflammatory bowel disease. The combination of this action and its ability to stimulate thrombopoiesis 
suggests an application in the context of cytotoxic therapy with deleterious effects on both organs; thus, 
TL-1 1 is an exciting growth factor whose contribution to normal development and potential therapeutic 
uses is beginning to be unraveled. 
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